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PREFACE 


A few years ago (1911) the idea occurred to me that the 
usual load-extension diagram of a metal test piece drawn by a 
pencil on a paper drum could be made a much more valuable 
record of the quali^ of metal if the record could be freed from 
frictional and inertia errors. 

On thinking the matter over it occurred to me that photo- 
graphy offered freedom from friction and a steel bar used as a 
spring offered freedom from inertia. A beam of light focused 
to a point, moving so that the point of light traces the diagram 
on a sensitised film, is infinitely delicate compared with a pencil 
point, however sharp and burnished, rubbing over a sheet of 
paper however smooth. A steel bar weighs a load by its own 
extension, and since this extension is only a few hundredths of 
an inch for the greatest load which it is used to weigh, its inertia 
is negligible, compared with the inertia of the beam and jockey 
weight of a testing machine. 

I designed a seff-contained recording instrument, which 
combined a steel bar with optical and photographic parts, suitable 
for placing between the shackles of an ordinary testing machine 
of the beam type. The first diagram taken with the instrument 
was good, and subsequent instruments contain only modifications 
of design to ensure rapidity of setting up and handling. With the 
instrument records were taken of a large number of metals and 
these records showed that all expectations were exceeded. The 
shapes of the load-extension curves proved to be sensitive to 
quality in a surprising degree. 

I next designed and constructed an instrument to record 
elastic extension. There were many mechanical difficulties, 
but these were overcome. Recently I have designed a third 
instrument to record the elastic properties of a metal in torsion. 
The record is a torque-twist curve. 

Thus three recorders have been standardized, namely — 
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(1) A recorder giving the complete load-extension diagram 

from no load to fracture. This record is taken on a 
I -plate negative and the full 6 in. of the plate corre- 
sponds to 1^ in. extension of the gauge length. 

(2) An elastic recorder showing the first inch extension 

of the gauge length on the record. 

(3) An elastic torsion recorder showing a torq[ue-twist curve 

on the record. 

(4) In addition I have designed a small testing machine suit- 

able for applying an axial pull to the Load Extension 
Instruments in the simplest way possible and with easy 
and rapid control. In this machine a test piece can be 
broken in a fraction of a second and a complete record 
obtained from no load to fracture. But its special use 
is for elastic tests made by the elastic recorder. 

Many records of metals of aU kinds have been taken with 
this research plant. A comparison of these records led me to 
the conclusion that the accurate Load Extension and Torque 
Twist diagrams correlated the properties of metals which now 
have to be estabhshed by a series of separate tests. To take a 
record with any of these three instruments is a matter of a few 
minutes only, and these records give information which has 
hitherto taken hours, or even days, to obtain with the usual 
instruments. The records have aU the accuracy needful in 
practice. 

The correlation of existing tests with the records covers a 
wide field of research and will take time to explore, but so far 
the results are most encouraging. A load extension record of 
a metal is constant so long as the quahty is constant. The 
slightest change in quahty, or even a change in a manufacturing 
process, which is perhaps without detriment to the quahties 
sought, is made manifest by delicate differences in shape of the 
load extension curve. 

In recent years a new science has come into being, the 
Science of Metallography. Its frontiers are continually widening, 
new data are being obtained and new ideas and speculations are 
being ventilated. There is, however, a bulk of estabhshed data 
at the disposal of the engineer. Metallography gives optical and 
thermal methods as new tests of quahty as well as the consti- 
tutional diagram from which so much can be learnt. The 
standard works on MetaUography must be consulted to gain an 
idea of the extent of the ground already covered by this new 
science. AU I have endeavoured to do in this book is to consider 
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the subject from the angle of view of an engineer and to discuss 
it as far as possible in the language of an engineer. 

The general plan of this book is to compare methods of testing 
and to correlate the results by means of the Load Extension 
diagram, and to record the results of my own researches on the 
strength and structure of metals with the instruments above 
mentioned, Although the comparison and correlation is neces-^ 
sarily incomplete, yet the results may be useful to members of 
the engineering profession and to students of engineering. 

Chapter I is a brief review of quality tests in use, including 
the test of the microscope, but excluding any chemical test. 

Chapter II brings before the reader facts about the metals 
ordinarily in use by engineers. The load extension diagram 
of each metal chosen for test is shown above a microphotograph 
of its inner structure magnified 150 times. With few exceptions, 
the structure seen is that of the everyday metal taken from 
stock. 

In Chapter III attention is concentrated on the Load Exten- 
sion diagram and the development by its aid of the law of 
similarity as applied to the testing of metals. 

In Chapter IV attention is concentrated on some of the facts 
and principles of Metallography. By their aid the microphoto- 
graphs given in Chapter II are interpreted and the Constitutional 
diagram for iron and steel is explained. The door is only just 
opened to give the student a glimpse of this wondrous new 
science whose history is recorded in the Reports of the Alloys 
Research Committee of the Institution of Mechanical Engineers. 
The first report is dated 1891 and the eleventh report is dated 
1922, and the research is still in progress. 

In Chapter V research on the elastic properties of metals are 
brought together and the looped elastic diagram and its powers 
are discussed. It is shown that every metal furnishes a charac- 
teristic loop after overstrain. The loop is described by merely 
removing the load and then re-applying it. The area represents 
work done on the inner structure. The loop area furnishes a 
new test of quality, and if a succession of loops are taken of the 
same material the rate of increase of the loop area furnishes a 
second test of quality. These two new data are characteristic 
of a metal, and the work correlating them with the quality of 
the metal is still proceeding. 

There is one property of metal which is investigated in this 
chapter and which exerts a powerful influence on both strength 
and structure, and that is the power of the metal to re-crystallize. 
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A breakdown of the inner structure can heal itself by crystal 
growth. The growth may be rapid or slow ; it may take place at 
ordinary temperatures or at high temperatures, but the power to 
grow is latent in the metal and is a vitally important property 
of the metal. 

Chapter VI is added to give useful information to designers. 
The work was done and communicated to the Sub-Committee 
on Screw Threads of the British Engineering Standards Associa- 
tion in 1917. 

The record of the researches really begins with Chapter II, 
so that readers who are familiar with the usual methods of testing 
can omit Chapter I. 

My thanks are due to Mr. E. F. D. Witchell for kindly 
reading the proofs ; to Dr. J. V. Howard and Dr. S. L. Smith 
for their careful chemical analysis of the metals tested, and to 
Mr. Orr, who has skilfully reduced the load extension diagrams 
from the originals on a common scale or to the scale shown in 
the book. 
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STRENGTH AND STRUCTURE OF 
STEEL AND OTHER METALS 


CHAPTER I 

QUALITY TESTS 

1. Introduction. — The engineer relies mainly on circum- 
stantial evidence when forming his judgment of the quality of 
a material. Circumstantial evidence of quality is obtained by 
cutting a piece from the material and testing the piece to destruc- 
tion. The evidence is therefore necessarily circumstantial 
because material used in construction can never itself be tested 
to des1i*uction. When judging of the quality of the whole from 
a test made on a small part uniformity of quality is necessarily 
assumed. A bar of steel is judged to be of good quality if a test 
piece cut from it is found of good quality. A boiler plate is 
judged to be of good quality when strips cut from it are found 
of good quality. In both examples composition, strength, and 
inner structure are assumed to be uniform throughout the bar 
and the plate. 

T^sts of quality are multiplied to give corroborative evidence. 
For example, if a steel test piece breaks in tension, extends, and 
reduces in area at fracture according to the quality required of 
it, the evidence, as far as it goes, is, that the material from which 
the test piece was cut is good. This evidence may be corro- 
borated by a good impact number,” the number which expresses 
the resistance of a second test piece to fracture by blows. If the 
impact number ” is low, notwithstanding that the tensile test 
is good, the quality of the material is doubtful. Chemical evi- 
dence of composition is obtained from the analysis of a few 
grams of metal drilled from the bar. 

Evidence of inner structure is obtained with the microscope. 
Evidence of hardness is obtained from indentation tests or from 
various kinds of scratching tests. 
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I have strong reason to believe that the evidence furnished 
by these various tests can be correlated by accurate curves of 
load and extension, giving what are called Load -extension 
and Torque -twist Diagrams. This book relates mainly to 
researches made with the author’s Optical Recorders, by means 
of which accurate load-extension or torque-twist diagrams can be 
taken. Before describing my apparatus and the researches 
made with it, it will be convenient to bring under brief review 
some of the methods in common use for testing the quality of 
materials. 

2. The Tensile Test. — Tensile strength is tested by stretch- 
ing a test piece until it breaks. 

Figs. 1 and 2 show a testing machine in which load is applied 
to a test piece T by hydraulic power and is measured by a steel- 
yard. The test piece is held between grips G G, the upper one 
of which hangs from the steel yard, whose fulcrum is H. The 
jockey weight J is travelled along the beam by turning the hand- 
wheel W or alternatively by power applied by belts through 
the pulleys P at the top of the machine. A vernier A is bolted 
to the jockey weight, and readings of the load are taken on the 
scale 0 bolted to the beam. 

Let J be the weight of the jockey J and let Xi be the distance 
of its centre of gravity from the fulcrum, when Pi is the force 
exerted by the hydraulic cylinders through the test piece on to 
the beam, and let this force be applied to the beam at a distance 
of a inches from the fulcrum. 

Let B be the weight of the beam and b the distance of its 
centre of gravity from the fulcrum. Then, when the beam stands 
level and motionless, the equation of equilibrium is 

Joji = Fja + Bb (1) 

Also JXi = F^a + B6 (2) 

for a distance Xq and corresponding load Fj. 

So that J(xi ■— Xi) = a(Fi — Fg) . . . . (3) 

From (3) the change of position Xi — X 2 of the jockey weight, 
corresponding to a change of load Fj — - Fg, gives the scale of the 
steelyard. The distance Xq of the zero of the scale is found from 
(1), putting Fi = 0, giving 




B6 

J 




In the machine illustrated the beam weighs about 2212 lb. 
and its centre of gravity is about 20-52 inches from the fulcrum. 
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The jockey weighs 1120 lb. and a, the distance of the line of load 
from the fulcrum, is 2 inches. From (3) the scale of graduation 
is 4 inches per ton, and from (4) the zero of the scale is 40*5 inches 
to the left of the fulcrum. In practice the beam is balanced 
before putting in the test piece, after which the vernier on the 
jockey weight is adjusted to read zero on the scale bolted to the 
beam. 

Load is applied from two hydraulic cylinders each 30*68 
square inches area and designed for a water pressure of 1500 lb. 
per square inch. The piston rods are connected directly to the 
grip box, and this is guided vertically by a machined vertical bed 
on the frame of the machine. Loading is controlled by the 
valves E and V. The top of each cylinder is connected per- 
manently to the hydraulic main, so that pressure is acting all 
the time to force the pistons down. The bottom of each cylinder 
is connected through the valve E with the drain or exhaust pipe. 
With E closed the pressure on top of the pistons merely compresses 
the water in the bottom of the cylinders. Open E, and the water 
begins to escape, and the pressure on the top of the pistons then 
loads the test piece. The rate at which stretching takes place 
is regulated by the rate at which water is allowed to flow away 
through the exhaust valve. 

To bring the pistons up, the exhaust valve E is closed, and an 
equilibrium valve V is opened. The opening of V puts both 
sides of the pistons in connection with the water main. The area 
of the bottom of the piston is greater than the area of the top 
by the area of the piston rod. The difference is about 5 square 
inches. This multiplied by the main pressure, 1500 lb., gives 
an unbalanced upward push of 7500 lb. The pistons are 
hydraulically locked at any point of the upward stroke im- 
mediately the valve V is closed. The control is simple and rapid, 
and the rate of stretching can be varied within wide limits. 

For bending tests a cross ghder K (Fig. 2) is slung from the 
steelyard by four rods, two of which, RR, can be seen. A length 
of steel joist is seen on the girder, loaded centrally by a pull from 
the cylinders. A compressive test can be applied to a test block 
placed in the sling below the crosshead of the hydraulic pistons. 
Apparatus is also fitted to the machine for torsion-testing and for 
testing in shear. 

Many machines of this type are in use for routine testing in 
laboratories and factories. A more uniform application of the 
load can be obtained by interposing an intensifier between the 
hydraulic cylinders of the machine and a low-pressure water main. 
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This is often done when the town main is the only source of supply. 
A finely graduated and steady loading can be obtained by using 
a water intensifier in which a ram is pushed in by screws turned 
either by hand or by power. In this apparatus the water is 
forced from the intensifier cylinder into the machine cylinders 
uniformly and at as slow a rate as may be desired. As the ram 
is withdrawn the water is forced back by a weight with which the 
cylinder ram is loaded permanently. 

Water power is in some types dispensed with, and loading is 
applied through screws turned by hand for small machines and 
by motors in large machines. Many combinations are possible. 
What is required in a design is mechanism for stretching the test 
piece, with power of variation of the rate of stretching within 
wide limits. In some types of machine the single beam is re- 
placed by a compound steelyard. A compound steelyard is used 
in the 100-ton horizontal machine made by Messrs. J. Buckton 
and Co., of Leeds. 

The usual tensile test of a piece of mild steel furnishes four 
data. These are : — 

1. The load at which the material passes from a quasi- 
elastic to a plastic state. This is called the yield load and is 
indicated by a sudden dropping of the beam towards the stop. 

2. The maximum load carried by the test piece. 

3. The extension of the gauge length of the test piece. 

4. The diameter of the fracture. 

The results usually reduced from these data are : — 

Yield stress, found by dividing the yield load by the original 
area of the bar. 

The stress corresponding to the maximum load or ultimate . 
stress or tenacity as it is alternatively called, found by dividing 
the maximum load by the original area of the bar. 

Extension, reduced to percentage of the original gauge length. 
Reduction of area reduced to percentage of the original area of the 
bar. 

Example. — Maximum load, 5*75 tons. Yield load, 4*4 tons. 
Diameter of bar, 0*447 inch. Diameter of fracture, 0*315 
inch. Gauge length, 5 inches ; after fracture, 6 inches. 

Yield stress =28 tons per square inch. 

Ultimate stress =36*7 tons per square inch. 

Extension, 20 per cent, on 5 inches. 

Reduction of area, 50*3 per cent. 

3. The Shock Test. — The shock-resisting quality of a 
material is inferred from its resistance to fracture under a blow. 
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A test piece is supported as a beam under a raised weight, 
and the weight, when released, falls, hits the piece, and bends or 
breaks it. The energy of the blow is expended mainly in breaking 
the test piece and therefore the energy of the blow is taken as a 
measure of the shock-resisting quality of the test piece. Rails 
have generally been tested by shock although the blow is regu- 
lated to deflect without breaking. A test piece about 5 feet long 
is cut off a rail and is placed on supports 3 feet 6 inches apart 
under a raised weight weighing 1 ton. Quality is inferred from 
the deflections at the centre produced by two successive blows, 
the first from a height of 7 feet, the second from a height of 20 
feet. The central deflection produced by the first blow should 
be between f and 1-^q inches : from the second blow between 
3 and 4|- inches. These are the heights and deflections pre- 
scribed by the Engineering Standards Committee for rails 
weighing 100 lb. per yard. The height of fall and deflection 
produced are varied with the weight of the rail per yard. 

The tensile test prescribed for this steel is an ultimate strength 
between 40 and 48 tons per square inch, an elongation of not less 
than 15 per cent, on a gauge length of 2 inches, when the area of 
the test piece is i square inch, or on a gauge length of 3 inches 
when the area of the test piece is J square inch. The prescribed 
chemical constitution gives carbon between 0-35 and 0*5 per cent. 

4. The Notched Test Piece. — Shock testing has extended 
rapidly during recent years to test material used for the parts of 
machinery subject to vibratory loading. In general the blow 
given to the test piece is intended to break it. And to localize 
the blow the test piece is notched at the centre. 

The Charpy test piece is a bar 10 X 10 mm. square and 54 mm. 
long, notched at the centre to a depth of 5 mm. leaving a cross 
section of half a square centimetre to be broken. The radius of the 
bottom of the notch is f mm. The notch is made by drilling 
a hole 1:33 mm. diameter and then sawing down to it. The test 
piece is shown in Fig. 3. 

This test piece, together with a second three times as large 
in every dimension, was recommended as a standard at the New 
York meeting of the International Association for Testing 
Materials in 1912. This test piece is widely though not univer- 
sally used. Even when a test piece is made to the Charpy 
dimensions it is frequently notched differently. Probably the 
difl&culty of drilling such a small hole as 1-^ mm. diameter in 
hard material has led to the use of a V notch with a definite 
radius at the bottom. The British Engineering Standards 




Fig. 4. — Charpy Shock-testing Machine, 


Weight of Pendulum = W = 22-455 kilograms. 

Radius of C. of Gra\1ty = 0-692 metres. 

Height of C. of Gravity in initial position = H = 1-336 m — {158J°). 

Energy’' of Blow = say 30 k.m. 

Energy’ expended in breaking the specimen : 30 — 15-53 vers. R. Kilogram- metres. 
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Association recommend a V notch, 45 degrees, finished at the 
bottom with a radius of 0:25 mm.^ The test piece is seen in Fig. 3. 
Experience has shown that the radius of the bottom of the notch 
has considerable influence on the resistance of the test piece to 
fracture under the blow. 
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Fig, 3. — Notched Test Pieces. 
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5. The Charpy Shock-testing Machine.— This is shown 
in Tig. 4. A pendulum P, mounted in ball bearings, when 
released by the catch C, swings down on the test piece supported 
as a beam in the anvil block B, breaks it, passes on, and remounts 
to a definite height, from which it swings backwards and forwards 
until brought to rest by the brake strap just beneath it, which is 
operated by the handle L. The blow is struck by the centre of 
the blunt knife-edge K, on the side of the test piece opposite the 
notch, so that the bottom of the notch resists the blow by tension. 
A short arm ending with a catch C and geared with the handle D 
is provided for raising the pendulum. D is turned to bring the 
arm down until the catch 0 engages the ptodulum. D is then 
turned to raise the arm and with it the pendulum, until the gear 
runs against a stop, which defines the initial position. 

The energy expended in breaking the test piece is W(H:— A), 
where H is the height from which the centre of gravity falls and 
h the height to which it remounts after the blow. Both heights 
are measured from the lowest position of the centre of gravity. 
The height from which the pendulum falls is constant in its initial 
angular position, being always 158| degrees from the vertical. 

Meport on British Standctrd Forms of Notched JBar Test Pieces, Crosby 
Lockwood & Son, London, 1920 . 
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The height to which the pendulum remounts is calculated from 
the angle indicated by the pointer T on the scale fixed to the 
framework. This pointer is loose on its shaft and is engaged 
by the arm Q and pushed to the highest angular position to which 
the pendulum remounts. 

The pendulum weighs 22*455 kg. Its centre of gravity is 
0*692 m. from the axis of suspension. The height H of the centre 
of gravity in the initial position is 1-336 m. Inserting values 
corresponding to these data in the expression above, and neglect- 
ing small corrections, the energy E absorbed by the test 
piece is 

E = 30 — 15*53 vers E kilogram-metres . . (1) 

R is the angle of remount in degrees. 

The Impact Number defined by Charpy is the energy cal- 
culated from equation (1) divided by the area of the section 
broken. The impact number is therefore a quotient giving kilo- 
gram-meters per square centimetre. Experiments show that 
the energy required to break a test piece is not strictly pro- 
portional to the area broken, so that it is better to use a standard 
test piece and record the energy of the blow as the impact number. 

The Izod Shock-testing Machine is of the pendulum type. 
It is described in Engineering^ September 25, 1903. The test 
piece is held in a vice and resists the blow as a cantilever. The 
test piece recommended is f inch wide, inch thick notched with 
a V to a depth of 0:05 inch : the radius at the bottom of the V 
is 0-01 inch. The pendulum of the machine described possesses 
23 ft. -lb. of energy at the instant of hitting. 

Captain Sankey, in Proo. Inst Mech. E., No. 1, 1904, page 160, 
gives the results of breaking ninety-eight test pieces in the Izod 
Machine, and in Proc. Inst. Mech. E., Part 4, 1904, gives the results 
of breaking test pieces of Chrome Vanadium Steel. 

Mr. Seaton^ and Mr. Jude, advocate breaking the test piece 
by a succession of blows, the test piece to be turned over after 
each blow. A vertical rod, freely guided and loaded so that 
it weighs 6 lb., is lifted through 24 inches and let fall on to 
the test piece supported as a beam below it. The energy per 
blow is thus 144 inch-pounds. The test piece is 4 inches long, 
I inch X J inch cross-section, and is notched with a V of about 
60 degrees to a depth of ^ inch. The number of blows required 
to break the test piece is taken to represent the shock-resisting 
quality of the material. Forged steel of good quality is stated 

^ ^'Impact Tests on Wrought Steels of Commerce,” Proc. Inst. Mech, 

Part 4, 1904, 
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to take thirty blows. The authors give a table on page 1147 of 
the paper, stating the number of blows req^uired to break test 
pieces made of steel of different qualities. 

6. The Brinell Test for Hardness. — A steel ball placed 
on a flat surface of a material softer than itself, and pressed into 
it, makes a saucer-like pit which remains when the pressure is 
removed provided that the pressure has been sufficient to cause 
plastic deformation of the material as the ball penetrates into 
it. The hardness of the material is considered to be proportional 
to the load and inversely proportional to the size of the pit. 

To arrange materials in a scale of hardness either the load 
must be kept constant and then the size of the pit measured, or 
the load must be found which produces a pit of specified size. 
It is usual to keep the load constant. Brinell recommends a 
standard load of 3000 kilograms for steel, 500 kilograms for 
softer materials like copper, and 50 kilograms for wood. The 
load is applied to a hard steel Hoffmann ball 10 mm. diameter. 
Loading is maintained for 30 seconds on steel. It is necessary to 
specify a time because plastic deformation creeps slowly under 
constant load. 

The Brinell Hardness Number is found by dividing the 
standard load in kilograms by the area in sq. mm. of the surface 
of the pit produced. The hardness number is therefore the 
average stress in kilograms per square mm. between the ball 
and the surface of the pit produced in a definite time. This 
hardness number, multiplied by 0:635, gives the average stress in 
tons per square inch. 

It is the practice to consider the area of the surface of the pit 
as equivalent to the area of a spherical segment of radius equal to 
the radius of the ball, thus neglecting the slight error due to the 
compression of the ball itself. This area may be calculated either 
from a measurement of the depth of the pit, or from a measure- 
ment of the diameter of the pit taken at the surface level. 

Let D be the diameter of the ball and P the load producing 
a pit, h mm. deep, and d mm. diameter. Then the area of the 
surface of the pit is 

A = :7z: = 31*4?i for a 10 mm. ball, 


or alternatively, since A = J (D ~ — d^) mm. 


A == 1 


\ d ) j 


157 



10 mm, ball, 


for a 
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The Brinell hardness number for steel is then 

3000 
^ ~ A ■ 

As examples of the order of number found by this test, 0*5 carbon 
steel gives about 230 ; mild steel with 0-21 carbon about 115 ; 
hardened tool steel about 700. 

Brinell noticed a close relation between the hardness number 
and the tensile strength of steel. For Fagersta steel the ratio 
between tensile strength in kilograms per square mm. and the 
hardness number is 0-346, when the hardness number is below 
175. The ratio is 0-354 when the hardness number is above 175, 
Charpy found ratios 0-351 and 0-336. The ratios are remarkably 
consistent, indicating that the hardness number of a ductile 
material is really a measure of strength. 

The Ball Test was the outcome of M. Brinelhs endeavour to 
devise a test easily apphed to steel during the progress of manu- 
facture. A description of M. BrineU’s researches is in Volume 2 
of the Congres International des Meihodes d'Essai des MaUriaux 
de Construction, Paris, 1901, page 83. The Hoffmann ball is so 
easily obtained that it bids fair to supersede other forms of 
indenting tool. 

Indentation tests have been made with hatchet-shaped 
chisels, with conical pointed tools, with a tool ending as a frustrum 
of a cone and many other shapes. 

A ball smaller than the standard 10 mm. ball should be used 
to make the test on small test pieces. H. Moore ^ has shown that 
the dimensions of the test piece have no appreciable effect on the 
hardness number if the size of the ball is selected so that the 
depth of the pit does not exceed one-seventh of the thickness of 
the test piece and so that the diameter of the pit does not exceed 
one-half the distance between the edge of the test piece and the 
rim of the pit. 

The next question to settle is • What load must be applied to 
the selected ball so that the test gives the same hardness number 
as would have been obtained with a 10 mm. ball under the 
standard load ? E. Meyer ^ has examined this question, and 
R. G. 0. Batson ^ has demonstrated experimentally that the hard- 

^ “A Small Ball-Hardness Testing-Machine.” Proc. Inst. Mech Ena 
Jan. 1921. 

Hardness Testing and Hardness.” E. Meyer, Zeits. Ver. deutscheT 
Ing., Vol. 52, 1908, p. 645. 

® “Static Indentation Tests.” Proc. Inst. Mech. Eng., April, 1923. 
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ness number is independent of the size of the ball if the load 
is varied as the square of the diameter of the ball. Therefore 
the load to be used with a ball of diameter d mm. is 

p = kilograms. 

102 

Batson has also shown experimentally that the hardness 
number is independent of the load on a ball of constant diameter 
provided that the area A is calculated from the depth of the 
pit measured from the original surface of the test piece. If the 
area A is calculated from the diameter of the pit the hardness 
number will vary slightly with the load. This difference is 
due to the flow of the material round the rim of the pit. An 
interesting comparison between the hardness numbers derived 
from the ball test and a test with a 90° conical indenting tool is 
also given in the paper quoted above. 

Dr. Unwin ^ has made indentation experiments with a small 
square bar of tool steel pressed into the material so that it leaves 
a V groove instead of a pit. The depth of indentation is pro- 
portional to the load with accuracy over a wide range. This 
tool can easily be kept sharp by grinding. 

Indentation tests are useful only on materials which possess 
ductility. Brittle materials break down under the test. 

7. The Shore Scleroscope Test for Hardness. — A small 
metal weight, diamond-pointed, weighing all together 40 grains, 
falls from a fixed height inside a glass tube like a gauge glass on 
to the test piece, dents the surface and rebounds to a height 
which is observed against a scale inside the glass tube. The 
height of the fall is about 9 inches, and this height is divided 
into a scale of 140 parts with zero at the bottom of the fall. The 
height of the rebound observed against this scale is called the 
Scleroscope Hardness Number. 

Tool steel of usual quality is about 100 on the scale. The 
Brinell hardness number is roughly six times the scleroscope 
number. A closer comparison is 5-5 for soft steels, increasing 
to 8 for hard steels with a Brinell number 700. Many tests from 
which comparisons may be made are recorded in the Eeport of 
the Hardness Tests Eesearch Committee, Proc. Inst. Mech. E., 
Dec. 1916. 

Instructions issued with the instrument state that test pieces 
should be flat and as smooth as possible without actually having 
a gloss finish, and the surface on which the test is made should 
^ Unwin, Proc. Inst. C. jE 7., Vol. 129, 1897. 
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be level. Tbe weight is lifted to its small hooks at the top of the 
glass tube and released from them by pressing a rubber bulb as 
if working a photographic shutter. The controlling mechanism, 
operated by air pressure, is contained in a fitting at the top of the 
glass tube. 

8. The Scratch Test for Hardness. — The earliest scale of 
hardness was devised by the mineralogist Moh. He selected ten 
minerals and placed them in the order in which each would 
scratch the one below it and would itself be scratched by the one 
above it. The ten minerals in order are : 

Diamond 

Sapphire, Ruby, Corundum 

Topaz 

Quartz 

Felspar 

Apatite 

Fluorspar 

Calcite 

Selenite 

Talc 1 

Sir Robert Hadfield, in the Report to the Institution of Mechmiical 
Engineers, mentioned above, gives the results of scleroscope 
tests made on these minerals, with the exception of diamond and 
ruby. The order of hardness is substantially the same on the 
two scales up to quartz, and then the scleroscope hardness falls 
as the Moh hardness increases. The range on the Moh scale, 
fluorspar to quartz, covers the range of Brinell hardness 200 to 
700. Sir Robert Hadfield also gives tables comparing sclero- 
scope and scratch hardness of steels, and Brinell and scratch 
hardness of steels. The Moh scale is in no sense a scale of equal 
intervals of hardness. The diamond is, according to a diagram 
given in the Report, 140 times harder than corundum, the next 
in the scale. 

Professor Turner ^ has devised a scratch test in which the 
scratch is made by a diamond-pointed tool guided mechanically. 
The tool is loaded until it just scratches the test piece, and the 
load in grammes is called the hardness number. 

Mr. G. A. Hankins 2 has examined experimentally the relation 
between the width of a scratch and the load on a diamond tool 

^ Proc, Birmingham Phil Soc. Vol. 5, Part 2, 1886. 

2 » Oil Relation between Width of Scratch and Load on Diamond 
m the Scratch Hardness Test.” Proc, Inst Mech, Eng., April, 1923. 
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and has found that the square of the width of the scratch plotted 
against the load on the tool gives a straight line passing through 
a point with co-ordinates p and q for all the materials tested. 
The conclusion is that 



where P is the load on the tool in grammes, w is the width of the 
scratch in 1/1000 mm., k is a constant for each material. It is 
suggested that h may be taken as a measure of the scratch hard- 
ness. The values of p and q are small and appear to depend upon 
the state of the point of the diamond. 

9. Wear Test of Hardness. — The Council of the Institution 
of Mechanical Engineers appointed a Committee in 1914 to 
report on a Hardness Test for Hardened Journals and Pins. 
The Peport ^ of the Committee contains the Report of Dr. Stanton 
on experiments made by him for the Committee, some appendices 
and a discussion, all of great value and interest. 

Two kinds of wear are distinguished, namely, wear by rolling 
and wear by sliding. A figure of merit is obtained by noting the 
wear of a rod rotated at a high speed inside a hard steel ring 
loaded through a ball bearing to produce a definite pressure 
between rod and ring at the line of contact. 

Rolling wear is tested by rotating the rod, and this rotates 
the ring inside the ball bearing. Sliding wear is tested by 
rotating rod and ring together in such a way that there is a 
known amount of relative slip per revolution. 

10. Wear Test by Dry Rolling. The Saniter Test.^ — A 
rod I inch diameter is driven at 4000 revolutions per minute 
inside a hardened steel ring 1 inch inside diameter loaded with 
205 lb. Dr. Stanton repeated Mr. Saniter’s test with a 1 inch 
rod, driven at 2200 revolutions per minute in a IJ inch hard 
steel ring loaded to 410 lb. Dr. Stanton defined the “ wear ’’ 
of the rod to be the reduction of its diameter, measured in ten- 
thousandths of an inch, after 200,000 revolutions. 

Resistance to wear by dry rolling is defined to be the 
reciprocal of the wear multiplied by 1000. 

Quoting the results of one experiment, a rod of nickel chromium 
steel (Ni 2*5 per cent. ; Cr 2-0 per cent. ; C 0*7 per cent.), hard- 
ened in oil from 850*^ C. and tempered in air from 600° 0., was 
reduced in diameter 71 ten-thousandths after 200,000 revo- 

^ Proc, Inst Mech, P., Nov., 1916. 

^ Journal of Iron and Steel Institute, 1908. No. 3, page 75. 
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lutions. Its resistance to wear is then represented by the figure 
1/71 X 1000 = 14. 

The Brinell hardness was tested, giving for the worn surface 
of the rod a number 420, for the unworn surface the same. The 
scleroscope hardness figures were — ^for the worn surface 71, for 
the unworn surface 67. 

11. Wear Test by Dry Sliding. — Dr. Stanton designed an 
ingenious machine for doing this test, particulars of which are 
given in the Report. 

The rod is turned 1 inch diameter and the ring is bored 
slightly more than 1 inch, so that the difference in the lengths of 
the inner circumference of the ring and the circumference of the 
rod is I inch. An Oldham coupling connects the driving chuck 
with the ring, so that the ring is left free to settle down on the rod 
under the load it carries. Both rod and ring are driven at the 
same speed, so that there is ^ inch slip per revolution. The load, 
410 lb., is applied to the ring through a ball bearing, and the 
combination is driven at 2000 revolutions per minute. 

Wear is defined to be the thickness in mils, of the surface of 
the rod rubbed away during a slip of 1000 feet. With 1 inch slip 
per revolution this slip is accomplished in 48,000 revolutions, 
occupying twenty-four minutes of running time. No lubricant 
must be allowed to get between ring and rod at the line of 
contact. 

Resistance to wear by sliding is defined to be the recip- 
rocal of the wear ; in Table 2 of the Report, however, this recip- 
rocal is multiplied by 100. Quoting an example : The thickness 
abraded from the surface of a rod of 0*52 carbon steel after 1000 
feet of slip under the load of 410 lb. was 1*3 mils. The figure 
of wear is therefore 1*3, and the reciprocal of this is 0*77, and 
multiplied by 100 is 77, the figure given in the table. 

The Brinell hardness numbers are — ^for the worn surface of 
the rod 237, for the unworn surface 234. The scleroscope hard- 
ness figures are — ^for the worn surface 41, and for the unworn 
surface the 'same. 

The following table gives some of the results in the Report, 
and is interesting as showing the Brinell and the scleroscope 
hardness numbers in comparison for steels of known composition. 

12. Hardness. — ^Reviewing the test for hardness just de- 
scribed, the question now arises, What is hardness ? Is it a single 
quality of material which can be measured by a single test . There 
is no difficulty in underBtanding what hardness is. A work- 
man has clear ideas on the subject. He knows that tool steel 
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hardened will cut most metals. He knows that the blunted steel 
tool can be sharpened on a corundum wheel. And he knows 
that a corundum can be turned with a diamond-pointed tool as 
easily as wood can be turned with a steel tool. Diamond, corun- 
dum, hardened tool steel, other metals, stand to him in a scale of 
hardness, completely understood. 

The difficulty is to find a form of words which will define 
hardness, because hardness is a property which is the sum of 
other properties. Hardness is related to other properties and 
cannot be defined without reference to them, any more than the 
strength of a material can be defined in absolute terms. 

In the discussion of the Hardness Report, Sir Robert Hadfield 
says : ‘‘ Efforts to establish an academic idea of hardness are 
limited to the resistance offered by a material free to flow up to 
the point where it is permanently deformed, which in brittle 
substances of course means fractured. In elastic materials this 
academic definition of hardness is nothing more than the yield- 
point. To measure the hardness one has therefore only to 
measure the yield-point.” 

Brinel found that for some materials the hardness number 
can be related to the ultimate stress. It is equally true that 
for other materials it can be related to the yield point. These 
ascertained relationships emphasise the difficulty of defining the 
property known as hardness. 

13. The Fatigue Test. — ^The stresses within the members 
of a structure or within the parts of a machine are rarely constant. 
They vary as the load varies or as the piece moves under constant 
load, or from both causes combined. A variation of stress at a 
given point within the material, starting from a given value and 
finishing at the same value, may be called a stress cycle. 

A stress cycle at a point is defined by : — 

1. The range, or the amplitude of the stress. 

2 . The mean stress. 

The amplitude of the stress in the cycle is the algebraical 
difference between the highest and the lowest stress. The mean 
stress is half the algebraical sum of the highest and the lowest 
stress. The frequency of the cycle is the number of times it is 
repeated per unit of time. 

At a point in the section of a piston, rod the highest stress 
is say /, tons per square inch in tension during the in or pulling 
stroke and tons in compression during the outward or push 
stroke. The amplitude of the stress cycle is then/^ ~ (— /c) == 


ft +fc> 


and the mean stress is 


ft -fc 


tons per square inch. 


2 
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Jif^ =f^ then the amplitude is 2/^ and the moan stress is zero. 
The freq[uency of the cycle is equal to the number of double 
strokes made per minute. 

The rotation of a railway axle under its constant load produces 
a stress cycle at every point within tho axle. The amplitudes 
at a given cross-section arc greatest at tho surface fibres. At a 
section of tho axlo where the bonding moment produced by tho 
load is M, tho direct stress is M/Z, Z being tho modulus of tho 
section, and this is a tensile stress /j when tho fibre turns through 
the highest position and an equal compressive stress when it 
passes through the lowest position. The fibre sustains a stress 
cycle of amplitude 2/^ and tho mean stress is zero. Tho fre- 
quency of the cycle is the number of revolutions made by tho 
axlo per minute. 

If at a point in a machine element a stress cycle botwoon 
assigned limits produces no permanent change of forni of tho inner 
structure at the point, the inner structure is undamaged and tho 
cycle may be repeated indefinitely without fear of ultimate frac- 
ture. If, however, the stress cyole produces tho minutest per- 
manent change of form, work has been expended on tho structure, 
and the first step has been taken to fracture the element, and it 
is only a question of how many repetitions of tho cycle must bo 
made to fracture it. 

Wohler designed testing machines in which ho sought to 
imitate conditions of stress variation mot with in juactico and 
to find experimentally how many repetitions of a stress cycle of 
given amplitude and mean stress would break a test piece. Tho 
mean stress in his experiments was zero. His researches wore 
carried out over a long period. Tho results wore published in 
Engineering, Vol. 11, 1871. Ho concluded generally that for 
every mean stress there is a particular stress cycle winch will 
just not break tho piece after unlimited repetition. Bauschinger 
{Mittheilungen aus dem Mechanische-Technischer Laboratorium in 
Munchen, 1886) concluded that so long as tho higliost or tho 
lowest stress in a cycle did not exceed the elastic limits of tho 
material, the cyole could be repeated indefinitely without breaking 
the piece. 

A simple form of Wohler fati^e-testing machine imitates tho 
conditions of the railway axlo. A turned tost piece is hold at 
one end in the chuck of a belt-driven spindle, and a load is hung 
on the free end. Tho test piece, in fact, forms a peg on which to 
hang a load. As the spindle rotates each point in tho test piece is 
subject to a stress cycle of mean value zero. Tho amplitude of 
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the cycle is defined by the load on the end, and its distance from 
the section of the test piece designed for the test. 

In modern machines of this type the spindle is motor-driven, 
so that the test can be carried out at a higher frequency. Sketches 
and a description of a modern machine of this type will be found 
in a paper by Dr. Stanton and J. R. Pannell.^ 

The spindle of the machine is driven by a motor at about 
2000 revolutions per minute. The hanger carrying the load is 
attached to a ball bearing at the end of the test piece, and to 
prevent vibration at this high speed the hanger is at its lower 
end attached to a piston working in a dash pot. A form of test 
piece used in this machine is shown in Eig. 5. It is bored out at 
one end, the end held in the chuck, so that the stress cycle of 
maximum amplitude is applied to a tube. 

The range of stress in the cycle is varied by varying the load. 
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Fig. 5. — ^Test Piece for Wohler Fatigue-testing Machine. 


To make a satisfactory test several test pieces are required. The 
first piece is fun under a load which produces a stress cycle of 
wide enough range to break the piece after a few thousand 
repetitions of the cycle. The next piece is run under a stress 
cycle of narrower range, and it might take, say, 1,000,000 repe- 
titions of the cycle to break the piece. 

The test is finished when the range of a cycle has been found 
which will not break the test piece after 6 million repetitions, 
but a range which, if shghtly enlarged, would break the piece in 
fewer than 6 million repetitions. The maximum stress in tension 
corresponding to this range is called the fatigue strength of the 
material. 

For example, a series of tests run on 8 test pieces, turned to the 
dimensions given in Eig. 5, furnished the result that the fatigue 
limit was between lOJ and 13 tons per square inch for a stress 

^ ‘‘Strength and Fatigue Properties of Welded Joints in Iron and 
Steel,” Proc. Inst C, E., Vol. 188, 1911-1912, Part 2. 
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cycle of zero mean value. This means that a stress cycle in 
wiiicli the highest stress was lOf tons per square inch in tension, 
the lowest stress lOf tons per square inch in compression, 
would after 6 million repetitions just not break the piece. 

The limiting fatigue strength is estimated from a Eange- 
I'opetition Diagram, Fig. C. The ordinates represent the 
of stress and the abcissac the number of repetitions of the 
stress cycle. The diagram is quoted from the paper mentioned 
above. The dots show the results of separate experiments. A 
smooth curve through these points shows the value to which the 
range approaches as it is reduced. The material was 0-27 carbon 
steel. 

The point x on the diagram, for example, means that a stress 



Repetitions for Fracture - Millions. 

Fig. G. — nange-ropotitioii Curve, 0-27 Carbon Stool. 


cycle of range 20 tons per square inch, and mean value zero, will 
break the piece after 2 million repetitions of the cycle. The dia- 
gram shows that when the range is reduced to 26’ 6 tons per 
square inch, the curve becomes parallel to the axis. The infer- 
ence is that the range can be applied an unhmitod number of 
times without producing fracture. The maximum stress of this 
cycle is the fatigue limit of the material, and this is usually 
recorded as ± 12| tons per square inch. 

A dead weight hanging on the end of a rotatmg test piece does 
not produce a uniform distribution of stress over the section on 
wliich. the bending moment is a maximum, even when the test 
piece is bored out as shown in Tig. 5. 

Dr. Stanton describes in Engineering, February 17, 1905, a 
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fatigue tester in which a stress uniformly distributed over a 
section is made to vary between a maximum value in tension to 
a maximum value in compression about 2000 times per minute. 
The machine is based on an earlier design of Osborne Reynolds. 
Essentially the machine is a crank and connecting-rod mechanism, 
driven from the crank shaft and used to reciprocate a heavy 
piston mass. The test piece is put in line with and in fact forms 
part of the piston rod. The test piece then transmits to the mass 
the force necessary to cause it to reciprocate with a motion which is 
substantially simple harmonic. Neglecting the small corrections 
for the angularity of the connecting rod, the maximum tensile load 
in pounds transmitted through the test piece, and equally the 

4c7t 

maximum compressive load, is in which W is the weight 

g 


in pounds of the mass reciprocated by a crank of radius r feet, mak- 
ing n revolutions per second ; g is 32-2. The range of load is twice 
this. The range can be varied by changing W or the speed n. 

The machine is designed with two lines of parts and is balanced 
so that it can be run at a high rate of speed without produc- 
ing vibration. Four test pieces can be tested simultaneously. 
Both the rotating spindle and the reciprocating-rod machines 
just described apply to the test piece a stress cycle of mean value 
zero, or very nearly so. 

The Smith Fatigue -tester allows a stress cycle of any mean 
value to be applied to the test piece. It is described in the 
Journal of the Iron and Steel Institute, Vol. 82, No. 2, 1910, in the 
paper Some Experiments on the Fatigue of Metals.'' 

A test piece, a frame free to move in guides vertically, and a 
spring, are connected in line, like three links of a chain. The top 
of the test piece is secured to the fixed frame of the machine and 
the bottom of the spring is secured to the base of the frame. By 
means of a graduated hand wheel the spring can be stretched 
so that it puts a definite load on the three-link system. The 
relatively massive central frame is inappreciably stressed by this 
load, but the test piece, being turned to i inch diameter, can be 
stressed to any value between zero and yield. The central frame 
or link carries a motor-driven horizontal shaft, on the ends of 
which are placed symmetrically a pair of unbalanced masses. 
Rotation of the shaft then superposes a stress on the exist- 
ing constant stress produced by the spring, which varies as in 
simple harmonic motion. The maximum value of this stress is 
^r 

f = lb. In this expression W is the weight of the total 
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unbalanced mass in pounds ; r is the radius in feet of its mass 
centre ; n is the revolutions of the shaft per second. The simple 
harmonic oscillation of the central frame therefore applies to the 
test piece a stress cycle of range 2/ superposed on the mean stress 
applied by the spring. 

The results of research with this machine are given in the 
paper quoted above. The ranges of the stress cycles required 
to produce fracture in 1 million repetitions at a frequency of 1000 
repetitions per minute were determined for a variety of materials 
both for the conditions of cycles with mean stress zero and for 
cycles with the minimum stress zero. 

The conclusions given in the paper are : — 

(1) That if a material be subject to stress alternations of high 
periodicity and of fixed range, and compressive or tensile test 
be gradually applied, a yielding condition will be found at a 
definite value of the applied mean stress. 

(2) That the yield is tensile if the mean stress is tensile, and 
is compressive if the mean stress is compressive. 

(3) That for equal and opposite mean stresses the magnitude 
of the yield range is the same. 

(4) That the Wohler limiting range for any material is a yield 
range. 

(5) That a series of yield ranges may be determined for most 
materials by experiment on a single specimen. 

The Hopkinson High-speed Fatigue -tester^ applies a 
stress cycle of zero mean value about 7000 times per minute. The 
machine was designed to investigate the influence of the fre- 
quency on the range of the limiting fatigue cycle. It was not 
proved that the frequency had any influence, but it was found 
that it required a greater number of repetitions of the limiting 
cycle to break the piece when it was applied at high frequency. 

The test piece is set vertically in a massive foundation block 
and carries on its upper end a mass weighing about 180 lb., 
suitably constrained to allow a small vertical oscillation. This 
mass calories on its upper surface the armature of an electro- 
magnet. The electro-magnet is supplied with alternating current 
and the conditions are so adjusted that the alternating magnetic 
force excites synchronous oscillation of the test piece. In these 
circumstances a small range of magnetic pull is able to produce a 
stress cycle of wider range in the test piece. The stress in the 
test piece is inferred from the extension produced, and it is 
observed by extensometers fitted to the test piece. The range 
^ Proc. Boy. Soc., Vol. 86, Series A, 1912. 
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of stress is independently calculated from the observed amplitude 
of the oscillation. Knowing this, the mass, and the speed, and 
assuming simple harmonic motion, the force can be calculated. 

The results of three tests are shown in Fig. 7. From these 
curves it will be seen that a range of magnetic pull of 0-4 tons per 
sq[uare inch is able to produce a stress cycle on the piece of 30 
tons per square inch range in the region of synchronous speed, 
namely 120 cycles per second. The machine was set up on a less 
rigid foundation during the experiments for curve Dg. The 
blunter peak is probably due to a consequent change in the 
damping coefficient. 



Frequency of Puli " Cycles per Second, 


Fig. 7, — ^Hopkinson’s High-speed Fatigue Tests. 

The Haig Fatigue -tester. A stress cycle of any mean value 
can be applied to the test piece. In principle it is similar to the 
Smith Tester described above, except that the stress cycle is 
applied to the central frame, now an armature, by a magnet fixed 
to the frame and excited by alternating current. Test piece, 
central armature frame and spring are comiected in line like 
three links of a chain. The spring can be stretched by turning a 
nut so that it puts an assigned mean pull on the three-link system. 
The relatively massive central frame carrying the armature is 
inappreciably stressed by this load. The spring is of the laminated 
type, and its length is initially adjusted so that the time of oscil- 
lation of the central frame, but with no test piece in place, is 
made equal to the periodic time of the magnetic pull. The 
magnets apply a range of stress with a frequency of 40 cycles per 
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second. Provision is made for adjusting the equality of the air- 
gaps to secure equality of magnetic pull up and down. The 
central armature frame is guided in its small vertical displace- 
ments by guide springs at each end of the frame. The machine 
is calibrated by comparing the extension of a specially made, test 
piece with the readings of a voltmeter giving the magnetic flux 
through the pole pieces. In this way the voltmeter readings 
are converted into tons load on the test piece. 

The machine is described and the results of some experiments 
therewith are recorded in Engineering, September 21, 1917, and 
in the Journal of the Institute of Metals, 1917, Vol. 2, page 55. 
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Wean Stress of the Stress Cycle full line 

Minimum Stress of the Cycle dotted line 

Maximum »» chain dotted line 

Horizontal Distance between dotted and chain-dotted 
curves ’Range R,and this is also given by the ordinato. 
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The limiting fatigue range of a stress cycle will vary with the 
mean value of the cycle. The results of tests in which the mean 
value of the cycle is varied may be plotted in a Limiting Fatigue 
Range — Mean Stress Diagram. In this diagram the ordin- 
ates are the limiting fatigue range, and the abscissae are the corre- 
sponding values of the mean stress of the cycle. Plotted in this 
way, the results of many actual tests fall on a curve which is 
approximately parabolic in form. 

By way of example such a cxmve is shown in Fig. 8, plotted 
from Bauschinger’s experiments on a Bessemer steel of 28*6 tons 
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per sq[iiare inch, ultimate strength. Th.e limiting fatigue range 
is 17 tons per square inch for a cycle of mean stress zero. Assum- 
ing the curve to be parabolic, its equation is of the form 

R = Rq — mx^ (1) 

R is the fatigue range corresponding to a stress cycle of 
mean value x tons per square inch. 

Ro is the limiting fatigue range when x = zero, that is, the 
cycle ranges between equal values in tension and in compression. 

To find m : — 

The range will be zero when the mean stress is equal to the 
ultimate stress /. From this 

?!? 

P 

Ra 


m 


R = R, - ^2 


P 


so that 

This is known as Gerber’s Parabola. 
For the experiments plotted, Rq = 17,/ 
The equation then becomes 

/y» 2 

R = 17 - 

48 


28*6, so that m = — . 

48 


This equation enables the limiting fatigue range to be calculated 
when the mean stress x of the cycle is assigned. 

The dotted curve Fig. 8 shows the minimum stress and the 
chain-dotted curve the maximum stress, so that the horizontal 
distance between these curves is the range of stress of the cycle, 
and this range is also given by the ordinate. It is sometimes 
convenient to use an expression in which the maximum stress of 
the cycle is given in terms of the range of stress R. For 
any cycle 


/max ^ 


Substitute for x its value from (1), namely 

* = ^/(^) = = ^/(^ 
So that 




• ( 2 ) 
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Sometimes this is written in the form 

The relation between the constants is then 

n - ^ -f 

mf Ro/ E'o 

For the example above, 


17 

For a table giving values of / and n deduced from Wohler’s 
and Bauschinger’s experiments, see The Testing of Materials of 
Construction, by Unwin. 

14. The Examination of the Inner Structure of Metals. 

— The inner structure of a metal can be seen through a microscope 
by light reflected from a surface or facet specially prepared for 
examination. The metal specimens are about the size of a dice. 
If the metal is in a thin sheet a piece of it can be attached to a 
block of wood about the size of a dice. The surface selected for 
examination is first polished and then it is etched with a suitable 
reagent. The reagent penetrates the polished surface and attacks 
the elements in the structure differentially so that light is un- 
equally reflected from the various elements and thus throws up 
the pattern. 

For example, the selected surface of a steel specimen is polished 
with emery of increasing fineness and is finally finished with rouge 
until the surface will reflect an image like a mirror. Dipped for 
a few seconds in a saturated solution of picric acid in alcohol, the 
polished surface becomes dull. After washing and drying the 
specimen is mounted in plasticene on a microscope slide so that 
the prepared surface is at right-angles to the optical axis of the 
microscope, when the slide is clamped on the stage. The dull 
surface, properly illuminated, looked at through the microscope, 
shows often characteristic and beautiful patterns. Fig. 106 shows 
the pattern given by a steel and Fig. 69 the pattern shown by 
brass plate. 

When the magnification is high the area seen in the micro- 
cope is small compared with the area of surface prepared. 
A moderate magnification of 150 times corresponds to a seen 
area of only a few hundredths of an inch diameter, whilst a 
magnification of 1500 times corresponds to a seen area of only a 
few thousandths of an inch diameter. 
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The details of the inner structure are seen by light reflected 
from thena to the eye. Magnification does not magnify the light, 
it only spreads the light on the object over the magnified image. 
The illumination of an area of a few thousandths of an inch 
diameter therefore must be intense in order to make the details 
of the image visible when the image is 1500 times the Imear 
dimensions of the object. A magnification of 1500 times is 
nearly on the scale of a yard magnified to a mile ; or 1 square 
yard to 1 square mile. One square yard must be intensely 
illuminated to enable it to reflect enough light to visibly illumin- 
ate a square mile. 

Not only must the small area examined be intensely illumin- 
ated, but the light must be distributed over the area as uni- 
formly as possible, so that the light is well distributed over the 
image. The difificulties of illumination increase greatly with the 
increase of the scale of magnification. But apart from the 
question of illumination the resolving power of the lenses has a 
limit, and this limit is about 1500 diameters. 

The area looked at is illuminated by focusing light from a 
source on it. Any of the well-known methods and sources used 
for surface illumination in microscopy may be used for direct 
examination by the eye. When many specimens have to be 
examined and a surface searched with the microscope, it is less 
tiring to the eye to replace the eyepiece of the microscope with a 
projecting lens and so throw the image on a small screen. The 
screen should be made of wood and painted a dead white. 
The structure can then be examined by looking at the 
image on the screen. Alternatively the image can be thrown 
on the negative of a camera and the plate after development 
gives a permanent record of the image. Before putting the 
negative in the camera the image must be focused on a plane 
glass screen with the aid of a small eye lens to secure precise 
definition. 

To secure sharpness of definition the specimen should be 
illuminated by light of one colour. To do this a colour screen 
is placed between the source and the specimen, so that the white 
light of the source is filtered and only the colour chosen allowed 
to proceed to the illumination of the image. The use of screens 
of differing colours enables part of the structure to be brought 
out in contrast to other parts. The colour of the screen is chosen 
on the principle that the colour in the object reflected in greatest 
proportion is the colour of the light illuminating it. A red rose 
glows when seen in red light, and its leaves look black, whilst in 
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green light the rose looks black, but the leaves shine with a vivid 
green. 

Sharpness of definition is promoted by closing the iris dia- 
phragms so that only the central parts of the lenses are used. 
This '^stopping down” must not be carried to excess. The 
colour screen, the losses of light at the optical surfaces of the 
lenses and reflectors, and the stopping down, prevent a large 
fraction of the total light of the source from reaching the image. 
Therefore for projection or for photography the most intense 
source of light possible must be used. The most intense 
source is the surface of the crater on the negative carbon of an arc 
lamp. Eor low powers the incandescent tungsten bead of the 
‘‘ point o’ light ” lamp is satisfactory. 

The image of the source is focused on the area of the surface 
to be examined by an optical system which includes in it the 
objective of the microscope. The beam of light from the source 
is brought in at the side of the microscope through an iris dia- 
phragm and it is then reflected along the axis of the microscope 
through the objective, which acts as a condenser to concentrate 
it on the area to be examined. Bearing in mind the small 
area to be examined and the necessity of even illumination, it is 
evident that the adjustments of the lenses and the mirrors and 
the lamp may be tedious. I found many difficulties of a mechan- 
ical kind in the apparatus available and so designed one specially 
adapted for screen and high-power photographic work rather 
from the engineer’s point of view of substantial and accurate 
construction, using the minimum of reflecting and refracting 
surfaces to conserve the light and with only the strictly necessary 
adjustments. Even illumination is secured in a few seconds, and 
the light is so conserved that an image 3 feet diameter is bright 
enough to be seen by a class of students even when the magnifi- 
cation is as high as 1000 diameters. 

The general principle of the optical system of this apparatus 
is illustrated in Fig. 9. The diagram is not drawn to scale. The 
source of light A is the crater of the horizontal negative carbon 
of a small arc lamp. The positive carbon is set vertically and 
at right-angles to it. The light radiating from the crater is 
gathered by the short-focus lens B, and the parallel beam which 
this lens produces passes on through a cell C filled with alum 
water to filter out the heat rays. The cooled parallel beam is 
then focused on the iris diaphragm E by the lens D, itself fitted 
with an iris diaphragm. 

Just inside the iris diaphragm is a totally reflecting prism E 
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which, turns the light through a right-angle and. directs it through 
the objective G of the microscope on to the prepared surface of 
the specimen H. This illuminated area is then projected by the 
microscope on to a camera screen or on to a white screen, both 
seen in Fig. 9 at J and L. When the illumination is even the 
centre of the crater A, the optical centre of the lens B, the optical 



centre of the lens D, and the centre of the iris diaphragm E, are 
in a line which, produced, cuts the optical axis of the microscope. 

I secure these conditions in the apparatus which I have 
constructed by machining a bed M in the shape of a cross. One 
arm of the cross carries a miniature lathe bed, along which slide 
the microscope N and the stage P, each with its fine adjust- 


PLATE II. ij^Q Jqcq 23. 29. 
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ment, like tke headstock and the slide rest of a lathe. A vertical 
hollow pillar R, square in section, slides along an arm of the cross 
at right-angles to the axis of the microscope. The lenses B and 
D are secured to the machined faces of this pillar. The alum 
cell is dropped in the pillar between them. The arc lamp, con- 
structed on strictly kinematic principles, slides along guide rods 
bolted to the pillar. The lamp has three degrees of freedom, so 
that the crater by two adjustments can be brought in the lino 
BD, and it can also be moved along the line BD. 

The pillar thus carries the arc lamp, the lenses B and D, the 
alum cell, and also the spectacle arm Q for the colour screens, 
and so forms one unit. The pillar can be unbolted and lifted out 
bodily and set in grooves prepared for it at X in a line with the 
optical axis of the microscope, so that transparent specimens, like 
thin sections of wood, may be illuminated by transmitted light. 
The total reflecting prism E has two degrees of freedom, namely a 
freedom to turn about its own axis and a freedom to turn as a 
whole about the optical axis of the microscope. These two 
adjustments enable the illuminating beam to be properly directed 
through the objective to bring the centre of the illuminated area 
on to the optical axis of the microscope. 

A very thin disc of glass, set at 45 degrees to the axis of the 
microscope, may be advantageously substituted for the totally 
reflecting prism for low powers. The two adjustments mentioned 
above must be provided as for the prism. It has the advantage 
of perfectly axial and normal illumination, but the disadvantage 
that the whole beam of the reflected light passes through it to 
the image; and so sharpness is lost, and also the disadvantage that 
a small fraction only of the illuminating beam is reflected from 
its clear surface to the surface of the specimen. Both these 
disadvantages, while disqualifying for high magnifications, are 
negligible for low magnifications. 

Eig. 10 shows a photograph of the whole apparatus. The 
cross-shaped bedplate, the camera and the screen are mounted on 
a light lathe bed. Any of the elements can be moved along the 
bed without sacrificing the adjustments in the optical axis. The 
cross-shaped headstock M can be quickly released from the bed 
and set up in a lecture room on the feet provided in the base, 
where it can be used to project on to a screen, 3 feet in diameter, 
images of various metals. 

There is a certain amount of cultivated skill required to get 
good micro-photographs of metals, and the technique is better 
taught in a laboratory than by description. There is however 
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mucli useful information as a guide to be found in books specially 
devoted to the microscope and in papers in the various institutions 
and societies who deal with microscopy and metallography. 

15. The Load -extension Diagram. — The tensile test 
described above furnishes the co-ordinates of one point on 
a diagram of load and extension; namely the yield-point. The 
load is noted when the beam drops. The extension of the 
gauge length can be measured. The test also gives the ordinate 
of the point corresponding to the maximum load. The corres- 
ponding extension cannot be measured directly because the maxi- 
mum load is reached and passed before it is recognized to be the 
maximum load when testing in the usual routine manner. The 
test also gives the abscissa of the extension of the gauge length 
at fracture. The load cannot be obtained easily. The jockey 
weight must be run back and an endeavour must be made to get 
a balanced beam from instant to instant as the piece draws out 
to fracture. Collecting these results, an ordinary tensile test 
gives the ordinate and abscissa of one point, the yield-point the 
ordinate of the point of maximum load, and the abscissa of the 
maximum extension. 

Of course it is possible to obtain many simultaneous readings 
of load and extension by applying the load in a series of steps and 
then measuring the extension produced, and enough readings can 
be taken to plot a curve of load and extension without difficulty 
up to the region of the maximum load. After that, the manner 
of conducting the test determines the shape of the curve. It is, 
in fact, hardly possible to get a continuous curve by these methods 
after the maximum load has been passed. 

The extension corresponding to any load after the elastic 
limit of the material has been passed depends upon the time the 
load is applied. The extension creeps under constant load, and 
the creep goes on at a greater rate as the maximum load is 
approached. So that the answer to the question, What is the 
extension corresponding to a load of x tons ? requires an answer 
stating the extension at the end of one interval of time, and then a 
larger interval, and so on. The time intervals are large, so that 
when a bar is stretched in a machine and broken in 30 seconds 
the corresponding loads and extensions are substantially the 
same as if it were broken in 30 minutes. But if the piece is 
broken in 1 second the diagram differs slightly from the diagram 
of a five-minute break. 

The practical conclusion is that when test pieces are broken 
at a moderate rate (the rate imposed by the testing machines 
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themselves when used in the ordinary manner), corresponding 
values of load and extension are substantially independent of 
the time and may be defined without reference to it. 

16. Definition of the Load -extension Diagram. — A 
point describes a load-extension diagram when it moves in 
one direction proportionally to the load on the test piece and in a 
direction at right-angles proportionally to the extension of the 
gauge length of the test piece. 

17. Autographic Recorders. — The point of a pencil or 
pen traces the load- extension diagram on a sheet of paper 
wrapped round a drum in most of the instruments now in use. 
The pencil is guided in a direction parallel to the axis of the drum, 
and it is connected to the jockey weight so that it moves pro- 
portionally to the jockey weight. The drum is connected to the 
test piece so that it turns proportionally to the extension of the 
gauge length. The pencil is driven by the jockey weight and the 
drum is driven by the extending test piece, the curve traced is 
therefore a diagram which strictly is the Jockey weight - 
extension diagram. It is not the load-extension diagram 
because the load on. the test piece is the reading on the jockey 
weight load scale plus the effect of the inertia of the jockey weight 
and beam. 

Many of the errors inherent in this type of apparatus are 
corrected in the automatic recorders designed by Mr. Wicksteed. 
Descriptions of mechanical autographic recorders arc given in 
books and papers on the testing of materials.^ 

18. The Dalby Optical Recorder. — In this instrument the 
tracing-point is a spot of light, which draws the load-extension 
diagram on a photographic plate. The spot of light is conjugate 
with an illuminated pinhole. The beam of light issuing from 
this pinhole source is reflected successively from two mirrors, 
and, passing tlirough a lens, is brought to a focus on the camera 
screen. 

The axes of the two reflecting mirrors are set at right angles. 
The mirror which receives the beam of light from the source is part 
of an optical lever arranged on the centre line of a hollow steel 

^ “ Autographic Test-recording Apparatus,” J. H. Wicksteed 
(Proc. Inst. Mech. E.y 1886). The Testing of the Materials of Gonstructiony 
Dr. Unwin (Longmans, Green & Co., London). “ On the Use and 
Equipment of Engineering Laboratories,” Sir A. B. W. Kennedy 
{Proc. Inst. C. E., 1886). The Strength of Materials y Sir J. A. Ewing 
(Univ. Press. Camb. 1903). Handbook of Testing Materials, Martens 
(Chapman, Hall & Co., London, 1899). 


32 STRENGTH AND STRUCTURE OF METALS 

bar called a weigh bar. When the weigh bar extends the 
mirror is proportionally tilted and the spot of light moves across 
the camera screen. The optical multiplication is about 300, so 
that an extension of the weigh bar of inch displaces the 
spot 3 inclies. 

The second mirror receives the beam of light from the first 
mirror and reflects it to the camera screen. This mirror is con” 
nected through an extensometer with the test piece so that it 
tilts proportionally to the extension of the gauge length of the 
test piece. Its axis being at right angles with the axis of the 
first mirror, it moves the spot in a direction at right angles to the 
displacement produced by the first mirror. That is to say, the 
extension of the weigh bar and the extension of the gauge length 
produce displacements of the spot which are mutually at right 
angles to one another. 

Weigh bar and test piece are coupled together and are 
stretched together as two links in a chain, so that the load on the 
test piece is equally the load on the weigh bar. The cross 
sections of the test piece and the weigh bar are proportioned 
so that the load which stretches the test piece to destruction 
does not stretch the weigh bar beyond its elastic limit. The 
stretch of the weigh bar is then a measure of the load on the 
test piece. The corresponding movement of the spot is therefore 
proportional to the load on the test piece. 

The use of a weigh bar, or spring bar, or master bar, as it 
has been variously called, to measure the load on a test piece 
coupled to it, is not novel. Sir A. B. W. Kennedy and the late 
Prof. Ashcroft constructed recorders in which a weigh bar was 
used, but the small extension was multiplied mechanically, and 
the record was made by a stylus moving over a smoked-glass 
plate. An account of this instrument, together with some dia- 
grams obtained with it, will be found in Mr. Wicksteed's paper, 
Autographic Test Eecorders,’' cited above. 

The novelty of the Dalby recorder lies in the optical method 
of measuring the extensions of the weigh bar and the test piece 
and combining these extensions into a photographic record, 
and in novelties in the design of the apparatus to allow these 
optical and photographic methods to be used in spite of the shock 
the instrument gets every time a test piece is broken in it. 

The diagrams from the Dalby recorder are free from errors 
caused by the inertia of the heavy beam and jockey weight of 
the testing machine ; they are free from errors of pencil friction, 
and mechanical friction is reduced to a vanishing-point ; they are 
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free from the errors of cord-stretching and from errors due to the 
relative movement between the instrument and the test piece. 
This freedom from inertia enables experiments on rapid loading 
to be made. Test pieces have been broken and the complete 
diagram obtained in a second of time. Such a performance 
is quite out of the range of any recorder of the mechanical type. 
A comparison between the shape of the diagram from a 10-second 
break and a 150-second break, both test pieces being cut from the 
same bar of mild steel, will be found in Proceedings of the Poxjal 
Society, Series A, Vol. 88, 1913. 

The first instrument made is described in the Proc. Roy. Soc., 
Vol. 86, Series A, 1912, and further researches are discussed in 
Vol. 88, 1913, of the same journal. A description of the instru- 
ment, together with some diagrams, is in the Transactions of the 
Institution of Naval Architects, 1912. A general description 
of the instrument, together with results of researches made with 
it,'will be found in the May Lecture ’’ delivered by the author 
before the Institute of Metals in 1917. The Lecture is published 
in the Journal of the Institute of Metals, No. 2, Vol. 18, 1917. The 
following is a description of the standard type of the instru- 
ment. 

19. Description of Standard Type of Dalby Recorder. — 

The instrument is self-contained. It is shown in Fig. 11 ready 
to go into a testing machine. It is seen in Fig. 13 in a Buckton 
single-lever testing machine, of the kind illustrated in Fig. 1, 
coupled to a test piece. 

To put it in the machine the top nut N, Fig. 11, is unscrewed, 
the weigh bar W is pushed up through the top shackle, the nut N 
is replaced, and then the instrument hangsfreely from the spherical 
seated shackle of the testing machine. The test piece T is next 
screwed into the muff coupling M and into the bottom shackle 
of the testing machine. The steelyard of the machine is not 
required at all during a test. It can, however, be usefully used 
as a safety lever. The jockey weight is run along to a load equal 
to the maximum load the instrument is designed for. Then, if 
a load is applied greater than this, the beam lifts and so gives 
a warning to stop the test before the weigh bar is over- 
strained. 

The source of light is a small electric lamp held in the head H. 
This lamp illuminates a pinhole in the plate of which K is a 
trigger-Kke projecting end. A touch on this trigger- and the 
small orifice is changed to a larger one. This large orifice is 
convenient for finding the spot on the plate. The spot is focused 
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on tlie screen by pusliing in or drawing out tbe draw tube S. Fine 
focusing is done by the milled collar U. 

Extension of the weigh bar W tilts the mirror receiving the 
beam of light from the source, and, in consequence, the spot of 
hght focused on the screen moves horizontally across the plate. 

The extensometer, by which the spot is made to move 
vertically* proportionally with the extension of the gauge 
length; is seen in Figs. 11 and 13. t The extensometer is perman- 
ently attached to the centre block of the instrument, but can be 
removed as a separate unit. 

Two vertical rods 'W' carry sliding blocks BB, on which are 
pivoted arms AA. These sliding blocks are clamped to the 
vertical bars in positions suitable to the gauge length of the test 
piece. The arms AA are connected by a spring Y. In Fig. 11 
a loop of string is seen connecting the forked ends of the arms. 
It is there to hold the arms temporarily against the tension of 
the spring Y. 

After the test piece has been screwed into place the loop of 
string is removed and the spring brings the forks home on the 
flanges of the test piece. Each of the forks is free to turn 
about its axis, so that the angular motion of the arms due to 
the displacement of the flanges downwards as the piece ex- 
tends is proportional to the mean displacement of the flanges 
apart. 

The down-displacement of the upper flange is the stretch of 
the part of the test piece above the flange and the small stretch 
of the parts of the instrument itself up to the place where the 
weigh bar is clamped to the centre block. The down-displace- 
ment of the lower flange is the stretch of the part of the test piece 
above the flange; and again the small stretch of the parts of the 
instrument itself up to the place, where the weigh bar is clamped 
to the centre block. 

The difference of these down-displacements is the extension 
of the gauge length defined by the flanges. It is therefore the 
difference of these displacements which must be conveyed to the 
second mirror of the optical system. The necessary subtraction 
is done by a link. The near end of the link is seen in Fig. 11 at L. 
One end of the link is pivoted to the upper arm, the other end 
rests on a pole P, which itself rests in a cup in the lower arm. 
When the top arm turns down, the end of the link L pivoted to 
it moves up. When the bottom arm turns down the end of the 
link L, resting on the pole P, moves down. The centre of the link 
moves down proportionally to the difference of the displacements 
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of its ends, that is, proportionally to the extension of the gauge 
length defined by the flanges. 

A pole Q seen in Fig. 12, which is an end view of the instru- 
ment, transmits the motion of the centre of the link to the hori- 
zontal arm of a bell-crank lever pivoted at Z. The vortical arm 
of the lever is connected by a horizontal pole with the hanging 
arm of the mirror mount of the second mirror within the instru- 
ment. By this system of levers the mirror gets an angular 
displacement proportional to the extension of the gauge length 
of the test piece. 

20. The Optical Cell.^ — This is a separate unit carrying 
the optical details of the instrument. It can be withdrawn from 
the weigh bar in a few seconds, examined, and replaced, without 
taking the instrument out of the machine. The muff coupling 
is taken off, and then an end nut ; the optical cell then drops out 
of the bottom of the, weigh bar after the upper horizontal polo 
of the extensometer has been removed. The centre pole comes 
away with it. The centre pole can be removed separately 
from the top by taking off the end nut and with it the adjusting 
head G. 

21. Adjusting the Zero. — Extension of the test piece dis- 
places the spot from the top of the plate downwards. The spot 
is moved independently in this direction by changing the length of 
the adjustable pole Q. Extension of the weigh bar moves the 
spot horizontally across the plate from right to left, The spot 
is moved independently in this direction by turning the adjust- 
ing screw G at the top of the weigh bar Fig. 13. 

The origin to which the spot must be brought before beginning 
a test is the north-east corner of the plate, about I mch either way 
from the edges. It is brought to this position by adjusting the 
length of the pole Q, and by turning the screw G. 

^ Patent No. 113,008 of 1917. 
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22. Calibration of the Weigh Bar. — The load scale of 
the weigh bar is found experimentally. Known loads are applied 
to the bar and the corresponding displacements are recorded 
photographically. A series of known loads can be applied con- 
veniently in a Buckton single-lever testing machine of the kind 
illustrated in Fig. 1. The instrument is set up in the machine as 
in Figs. 11, 12, 13, but the test piece is replaced by a steel bar 
strong enough to take without damage the maximum load of the 
scale to be recorded. 

A typical load scale is seen in Fig. 14. 

23. Calibration of the Extensometer. — The extenso- 
meter mechanically multiplies the extension of the gauge length 
by three. An extension measured from a diagram with an 
ordinary rule divided by three gives the corresponding actual 
extension. The instrument may of course be arranged to work 
on a different scale. 

Calibrating pieces are provided with the instrument, so that 
the extension scale may be recorded on each diagram. These 
pieces are seen at E (Fig. 12). Normally they rest on the neck 
of the screw socket, out of the way, but are there when wanted. 
One piece clamped under the head screw J displaces the spot 
through a distance corresponding to one half inch extension. 
Four pieces are provided, so that four lines at intervals, corre- 
sponding to half-inch extensions, can be recorded on the plate. 

The dead-stop pieces are more convenient than a micrometer 
head, although for some purposes the micrometer head may be 
useful. For example, an extension calibration plate may be made 
like that seen in Fig. 15. After a diagram has been taken this 
plate may be applied to read off the extension corresponding to 
any point on the load-extension curve, and afterwards the load 
scale may be applied to read off the corresponding load. 
Many examples of load-extension diagrams taken with the 
instrument are given in the next chapter. 
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24, Special Testing Machine for Use with the Instru- 
ment. — The testing machine shown in Fig. 16 was designed for 
quick loading, but it is convenient for general testing. The 
instrument is shown set up in the machine with a test piece in 
place. The test piece is connected to the muff coupling M and 
directly to the piston rod of the hydraulic straining cylinder 
in the base of the machine through the coupling nut Q. There 
are no shackles. Often shackles introduce the error they are 
designed to prevent. A shackle turns into alignment against the 
friction of its pin. The line of load being coincident with 
the centre line, the shackles approach alignment as the load 
increases, but never quite get there. I have used crossed 
knife-edges, but prefer a machine with accurately machined 
guides for all ordinary work. W is the weigh bar hanging 
with the instrument from a spherical seat in the top cast- 
ing of the machine. Alternatively crossed knife-edges can be 
used. The hydraulic main is connected through the valve A. 
Load is applied quickly by opening the valve B. An alternative 
small valve (hidden behind the pipes), is provided for applying 
load at more usual rates. Load is removed by opening the valve 
D. When D is opened the piston rod moves up, but is locked in 
position at any point of its stroke when D is closed. The machine 
was designed with the co-operation of Mr. Christopher James and 
constructed by Buckton & Co., of Leeds. 

A single-lever testing machine is desirable in addition to this 
machine, because with it calibration of the weigh bars can bo 
checked from time to time. 

Fig. 17 is a diagrammatic illustration of the complete appar- 
atus involved in a test and illustrates the principle of control. An 
accumulator whose ram is loaded with 4 tons maintains a con- 
stant pressure, through the hydraulic connecting main, on the 
top of the piston of the hydraulic straining cylinder. The total 
pressure on the piston, top side, is 4 tons multiplied by the ratio 
of the area of the piston less the area of the piston rod, and the 
area of the accumulator ram. This ratio is 5, allowing the piston 
rod to be 3 inches diameter, so that the maximum load on the 
piston is 20 tons. This load is supported by the water beneath 
it until the exhaust valve B is opened ■ then the water support 
flows away. If B is opened quickly it is equivalent to knocking 
away the support under a load. It should be noticed that water 
from the main has not to flow in to do the loading ; the water 
load is there and falls on the test piece directly the supporting 
water pressure is relieved. The load is applied gradually by 
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adjusting the valve B (or a smaller one) to relieve the pressure 
under the cylinder gradually. 

When B is shut and D is opened the water pressure acts from 
the main on the bottom of the piston. The total pressure is 4 
tons, multiplied by the ratio of the areas of the cylinder and 
accumulator, namely 100/16 = 6|-, so that the total upward push 
is 25 tons. But the total downward load is only 20 tons. The 
unbalanced push-up of 5 tons is available to bring the piston up 
against friction. It is locked in any position in its upward stroke 
by closing the valve D. 



CHAPTER II 


LOAD-EXTENSION DIAGRAMS AND INNER 
STRUCTURE OE METALS IN COMMON USE 

25. General Remarks. — Load-extension diagrams of 
materials of special interest to engineers are collected together 
in this chapter. With each diagram is given a microphotograj)!! 
taken from the polished and etched specimen piece cut from th(^ 
end of the test piece, whose stretching to fracture is recorded in 
the diagram. These microphotographs show the inner struotur(' 
of the material in its primitive state, magnified 120 times. 

Therefore when looking at a load-extension diagram and 
studying its shape the inner structure of the material can at the 
same time be kept rmder the eye and a comparison of strength 
and inner structure can be made. Further, since the magnification 
is kept constant, the microstructures of different materials can h<' 
compared amongst themselves on the same scale. In addition 
there are microphotographs magnified some more than 120 tanu's, 
and some less, in order to bring out details of structure. 

A comparison of the load-extension curves amongst tiu'm- 
selves will show that metals may be grouped into familit^H, eacdi 
family being characterized by the form of the load-oxti'iision 
curve. The curve of the iron and steel group is totally di^T<vr(^n(< 
in general shape from the curve of the gun-motal grotip. Dilhw- 
ence of curvature within a group-shape distinguishes mcvnibcsrH of 
the same family from one another. Differences in heat trcatnu'ut 
and in the mechanical processes of manufacture arc shown by 
differences of curvature in the diagram and sometimes by ra(li(-al 
differences in the shape of the curves. 

For example, the group curve for iron and stool in its normal 
condition is quite different in shape from the group curve of over- 
strained iron and steel. The material appears to belong to a 
different family. There is thus the fanoily group of the mateu'ial 
in its normal state and there is the family group of the same 
material in its overstrained state. 

The shape of the load-extension curve tells much when its 
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language is understood, and practical experience soon enables 
differences in shape to be interpreted. 

26. Swedish Iron (Fig. 18). — The test piece was cut from 
a bar of special purity giren to me by Sir Robert Hadfield. This 
is the analysis : — 

Per cent. Per cent. 

Carbon .... 0*047 Phosphorus . . . 0*057 

Manganese , . . 0*005 Silicon 0*014 

Sulphur .... 0*008 

The recording spot of light, starting from zero, describes what 
appears to be a vertical line. It is however slightly inclined to 
the vertical axis, but the inclination is too small to be clearly 
shown by the extension scale used. 

When the spot reaches 3; 75 tons the test piece suddenly 
yields and the load automatically falls to a little over 3*2 tons, 
after which the spot wanders along an irregular path for about 
0*12 inches at an average load of 3*3 tons, and then climbs up- 
wards in a smooth curve to a maximum load of 5*25 tons. Local 
contraction sets in, and the spot falls along a smooth curve to the 
point of fracture. At the instant of fracture the recorded path 
of the spot ends. Its return to zero load is done so quickly that 
no record of its passage is left on the plate. 

Up to the yield-point the extension is mainly elastic. After 
the. yield-point the extension is mainly plastic. The elastic and 
plastic parts of the diagram are connected by an irregular link. 
When the extension iacludes plastic extension, it reveals itself 
as permanent set when the load is removed. The irregular link 
is a family characteristic of iron and carbon steels. It does 
not usually develop in normally treated alloy steels. I have 
found no trace of such a liuk in the diagrams of the non-ferrous 
metals. 

The physical constants derived from the diagram are : — 

Stress at yield-point 
Stress corresponding to maximum 

load 

Stress at instant of fracture 
Extension on 5 inches . 

Reduction of area .... 

The usual practice is followed in calculating the yield-stress 
and the stress corresponding to the maximum load, namely, to 
assume no change in the area of the bar and therefore to divide 
the respective loads by the original area of the bar. 


13*27 tons per square inch. 


18*6 

48*7 

35 per cent. 
74 per cent. 
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In this test the area of the test piece before the application 
of the load was 0*2825 square inches. 

The yield load measured from the diagram is 3*75 tons. The 
corresponding stress is then recorded as : — 

3*75 

Stress at yield-point == 13*27 tons per square inch ; 

0*2825 

and for the maximum load of 5*25 tons, 

5*25 

Stress correspondmg = 18*6 tons per square inch. 

0*2825 

The stress at instant of fracture is calculated from the actual 
area of the bar at fracture. The area found by direct measure- 
ment of the fracture was 0*073 inches. 

The load measured from the diagram is 3*55 tons. 

3*55 

Stress at instant of fracture = = 48*7 tons per square inch. 

0-073 

The extension on 5 inches can be measured directly from the 
diagram, and this can be checked by direct measurement from 
the broken halves of the test piece. These are clamped together 
longitudinally in an apparatus designed for the purpose in order 
to get the measurement accurately. 

Reduction of area is the difference between the original area 
of the unloaded bar and the area of the fracture. 

For this piece the reduction is 0*2825 — 0*073 = 0*2095 square 
inches, corresponding to 74 per cent, of the original area. 

The inner structure of the metal is seen in Figs. 19 and 20. The 
metal is built of blocks irregular in shape and size. Each block 
is a crystal, and each block is itself built of atomic elements ranged 
in regular courses. Though the regular packing of the atoms is 
similar in each block, the general orientation of the atomic packing 
is different from block to block. Only the block arrangement is 
seen in the figures ; their own atomic structure is not shown. 

The polished and etched plane in both samples catches the 
blocks of the block structure sometimes in full section and some- 
times at a corner. A small area seen in the photograph may 
therefore correspond to the corner of a large block buried in the 
substance. It is therefore not easy to get the exact sizes of the 
blocks, but the eye looking at both sections together can get an 
impression of block size and shape which serves to distinguish 
between the inner structure of different samples. The central 
block in the cross-section is probably the largest block in the 
region photographed, being about 0*01 inch across its largest 
diameter. The black spots in the cross-section and the small 
elongated black threads in the longitudinal section are slag. 
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They arc few and minuto, a sign of good quality. 'J'ho diannitor 
ofawlagHpot does not («C(!cd ()-()()()4 incli. Slag thn'adw aivvaya 
appear in iron manufaeturod hy the ])u<ldliug proecHH, hut they 
are absent in ntool or ingot iron vvhieh haa hta'u melted during 
manufacture. 

27. Yorkshire Iron (Fig. 21). The U'at [)ie(;(i waa out from 
a bar of 1] inchoa diainett'r, the arudyaia of vvhieh gives : 

JNm* (u'lif.. mmL 

Carbon .... 0*041) PhonphoniH . . . 0*()83 

ManganoHo .... 0*015 Hilkuai .... 0*145 

Sulpluir .... 0-004 

The family liken(‘SH I)(4.woeu (uirv<‘H of Swodinh iron juicl 
tlim curve in sirikiitg, but tlu'n^ avo notiiuwibk^ (lilTer(uic(^H. York- 
Bbiro iron is stronger: iha.n »S\v(‘(lish iron, but it does not Htr(*tch 
BO mu(*.h. b(4or(^ frac.tun^. 

Tlio pliysictal (U)nstaui'M d('riv(‘d from tlu^ dia.gram are r-*- 
Yield, Htr(‘ss on origiual an‘a- , 15-0 tons \m: square inch. 

tStr(%s (•,orr(ss()ondiiig to maxi- 
mum load 22 ,, ,, ,, 

ActuaJ stnsss at instant of fraev 

ture 44*0 ,, ,, „ 

Kxttmsion of 5 inchc'S . . . 2H*4 })(a: cent. 

Rcdmd.ion of ar('a at fracture , 58*0 p(U’ cemt. 

The curv<^s of both kimls of iron Hvv(Hq) down from the maxi- 
mum load to the point of frat‘.ture in a way indicating great 
reduction of area befon^ fra(‘tur<^ As (^xplaimal abovt^, from 
maximum load to frac4*ure th(^ ('xtemsion nxiordtHl is local exteii- 
Hion. 

Th(^ inner structun^ of th(^ maUuial is scam in t^igs. 22 and 22. 
The sections show good ix^gidar block structiuns wit.h blocks 
somewhat smaller than thosc^ in the Kwedish inm H(X‘.tiou. Hio 
photograpliH worn tak(ai from samples ctit from tlu^ unstraimnl 
end of tho tost pioco. Out sections of slag thrt'ads an^ kchui in the 
croHR-Bcction and elongated pi(x;<^H of the thnxuls in the longitudinal 
section. The slag threads are line, though mon^ numerous than 
in tho Swodisli iron. 

Yorkshire iron is a Ivrand of r(‘cognized quality, and it 
commands a liigh price. It cati he tistnl with (lonlidtuuu’s wIkuh^ 
much afterwork in tlu^ smitirs lir(^ has to Ix^ dom^ and wlnvrc^ 
much welding is relied upon. It is useful wIuTe shoc^k or vibra- 
tion has to bo withstood, as for draw-g('ar in railway vtddcles, and 
it has majxy ubcb peculiar to itself oven in the steel agix 
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28. Staffordshire Iron (Fig. 24). 'I’ho tcHt picc.e wuh cut, 
from a h} inch bar of good (inality StalTordHlurturoa, MunmalyHiH 
of which givc».H : — 

Per cent.. ‘'"'‘t. 

Carixm .... 04)7r> PhoHphonw . . . o-IKH 

MaiiganCHCi .... 0-()5() Silicon .... <P1H() 
Sul pi air .... 0-01(5 

d’ho Hulphur and phoHj)lioruH arc not ho pc'rhastly nunoved aH 
in Hwedinh and YorkHhirc irouH, ami the <'ITi‘ct, coiuhiiu'tl with 
diltcrcnccH in the proctw of manufactun', iH wnm in tlu' loa<l~ 
oxtonHion diagram. Tlu're iH the family likem'HH to Swc'dinh and 
YorlcHhiro iron, hut there in no long('r the dowuwanl HW(H'p of 
the curve from maximum load to fracture. Ja)cal ('.xt<'n»ion ami 
contraction of area are reduced, although the iron Ih Htronger. 
The dcoroaHod ductility may he due to the phoHphoruM.and t lu* 
alight toughening to the higher carhttn and p<'rhapH the Hidphur. 

The pliyaical couHtanta (U‘riv(xl from tlu» diagram are : 

Yield atroHH lH-02 tona per Hquare incli. 

Streas corrcapomling to maxi- 
mum load 23-!).’) ,, ,, ,, 

Actual atroaa at fractun^ . . 30 ,, ,, „ 

Extenaion of 5 imdu'a . . . 23-0 per c(*nt. 

Iteductiou of area .... 3K per cent.. 

'rii(( amall rcduc.tion of area compa.n>d will) ^'ork.Mhirci Iron 
or iSw<xliHh Iron ia v(n-y not.iceahhx Thia iron ia <’on.aid('ral>Iy 
cheapc'r than tlu^ YorkHhir(' and Sw<Mliah hranda. 

A glamui at the inmu- atructurein Kiga. 25x11(1 20 ahowa that 
the manufacturing proceaa Iiaa not n'aultcd in the uniformily of 
atructure aeen in the Yorkahire or Swi'diali hranda, nor ia the 
alag HO (iomphdady ('.xpelhal. 

29. Yorkshire Iron and the Puddlinji Process, YorltHhin^ 
iron ia made from ironatone mim-d in North Yorkahin'. 'Die 
fuel for amelting Urn ore ia mined with it. In fiud., tlu' ore ia 
found in IxmIh aandwiched IxdAvixMi Ix'da of coal. The npp('r lied 
ia in aonie diatricta calhxl black Ix'd (xial and ia uacd for hoiler 
find, d’he lower Ixxl ia calk'd Ix'tter-hed coal and la ua<'d for 
amelting tlie ironatom^ above it heeauH(' of ita remarkahh' freedom 
from Huliihur ami [ilioaiihoruH. Phoaphorua prodneea hrltth'neaa 
in cold iron and aulphur a hritth'm'aa in hot iron. N('ith(*r ia 
oaaily aeparated from iron wlu'n onee it g<d.H into it. 'I'hereforo 
oroH and fuela fiaH-i from tlu'ao ('leimmla an^ api'cially valnahh'. 
The ideal of every iron and ateel maker ia an unlimited aupply of 
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oro and fuel froo from sulphur and phosphorus. In practice, as 
will ho soon from tho analyses given, the quantities present in 
the finished product of both iron and steel are small. 

Mines, blast furnaces, and ironworks are clustered together 
near tho deposits in tho districts about Leeds, notably at Earnley 
and Lowmoor and Monkbridgo. Tho oro is reduced in the blast 
furnace to grey pig. Grey pig is then molted with coke on tho 
open hearth of a refinery and tho molten metal is run from tho 
hearth on to tho sand floor surrounding tho refinery and solidi- 
fies in shallow pools about 3 inches deep. Tho refining process 
transforms tho grey pig into white iron and removes most of 
tho silicon. Tho solidified slabs are broken into lumps and are 
transferred to tho puddling shop. 

Tho puddlor removes tho carbon from this white iron, together 
with other impurities, and produces a material which, although 
not carbon-free, contains small percentages only, and even smaller 
percentages of ifixosphorus and sulphur. Tho chemical analysis 
of tho tost pieces of Yorkshiro iron given in fi''al)]e 2 shows to 
what a state of purity the iron is brought by the ])ud(l.litig j)rocess. 

Tho white iron lumps aro, after a preliminary heating by the 
furnace gas, molted on tho hearth of a furnace by lu'at (huived 
from a coal fire placed on ono side of the lu'arth. dlic* flames 
from tho furnace aro deflected from tho roof over tho hearth to 
tho metal on tho hearth and pass away to tho chimney on tho 
other side of tho hearth, heating tho wliito iron lumps placed in 
thoir way as they go. When tho lumps aro molted some oxygen- 
carrying substance is added to tho bath, usually bloom cinder, 
or ovon air is admitted. Tho puddlor inserts an iron bar through 
tho hole in tho furnace door and thoroughly niixes the oxidi/ang 
substance into tho melted iron. Tho carbon in the boilitig bath 
then combines with tho oxygon presonted to it atid passt^s away 
with tho furnace gas as carbon monoxide, burning as it goes to 
carbon dioxide. With tho disai»pcaranoo of the carbon from tbo 
bath tho iron becomes viscous. Tho viscous mass is manipulatx^d 
by tho puddlor into lumps, and at tlio end of th(^ operation the 
liquid bath of impure iron has been transformed into thix'o or 
four pasty lumps, each weighing about 1 cwt. 

A lump dripping with slag is removed from tho hoartli on 
tho end of tho rabble to tho steam hammer, fi’ho hammer at 
first is let down gently on tho dripping lump and squeezes it. 
Slag spurts out in every direction. The lump is tunuid under the 
hammer in all ways and squeezed xmtil the slag is all sqiKicwed 
out of it ; tho blows from tho hammer then become firmer, and 
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th(» lump iH grndually forged into a I)lo<;k about 14 iiiclu'H wjuan* 
and 2 iuchoH ihkik. 'I’liiw bkiok Ih called a Stumping. Each 
lump in turn iw brought from tlu' hearth on the eu<i of th<^ rabiile 
and iH liamnu'red into a Htampitig. Each Ktamping in tium broken 
in halvcH. 

ThcHo lialf-HtampingH are jiiled into cubeK abotd. 14 itieheH 
each way. A cube iw pik'd from half-MtampingM Keleetecl from 
all the pmhlling furnaecH in tlu' Hiioj),Ho that the material repre 
HcntH the av<irage Kkill of all the pmhlk'rH. Kac^h cube in bound 
with wire, lu'akid in a furnaca^ to welding heat, and then brought 
out and hammered an<l rolled into a bar about 8 f<«tt long, 11 
ijichoH wide, and 1 i inehcH thick, or aonu' Hu<;h gem-ral dimenHionH. 

TIu^bo barH are then cut into Hhort kuigtliH, the Hhort letigthn 
are piled into cubes, and the cubes are r<'heated, hammered, and 
rolled a second tiitie. The process is r<»j)eated a third time, and 
the reheated cube is hammered into a block about 18 inelu's long 
ami 5 inches scjuare. This block is called a bloom, and it is the 
final product of the ironworks. Tlu'se blooms are tlmn rolk'tl 
into angle irons, bars, plaks, or s<'<!tions. 

Staffordshire iron is produtied by a similar ijuddling proci-ss, 
but the refinery operation is omitte<l. The StalTordshin' iron- 
stones and fuels dilfeu’ in (piality from thos<i of Nort.h Yorkshire, 
and the pig is eliargfid directly on to tlie hearth of the puddling 
furnace. 

Steel. Up to tlu' dat<i of the invu'niion of tin' puddling 
process by Uourt in 1784, nialleabh» iron was ju'odueed in small 
(juantities by fusing tlie pig iron with eok<' <ir charcoal. 'I’lie 
invcmtion of tlie ])uddling process made it possible to produce 
malleable iron in larg(» (piantiti<‘S at a time, ami cbcapetied the 
prodiKst. 'I'lie invention gavc^ to EnglamI a comm<'r<’ial snprem 
acy during th<< century following and was a source of untold 
w<'alth to this country. All through the ag<t of puddh-d inm 
Yorkshire iron held a leading plac.e. 

SUnd (luring l.his period was made from puddled har hy an 
old proe((Hs of cementation, liars of good iron wen^ packed in 
an iron ho.x: with charcoal or bom» or some (larhoniferous material 
free from oxygem, and the box was luted up and jihuu'd in a 
furnace and kept tJu're for stweral days. The oarhon from f h(( 
packing made its way into the heaktd iron bars and «o ohanged 
thorn into stool. After this prcxicss of (jemcuitation the bars (lame 
out of tho boxes covennl with bliskw.and in eonseqmmce they 
rocoivod tho name blister steel. Blister steel, cut into lengths, 
piled, hammorod, or rolled, was ohanged to a product called 
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single- shear steel. Singlo-shoar stool, cut, piled, lianinuTod, 
or rolled, bocamo double-shear steel. Rut fine steed of uiiifortu 
quality was made by tho Huntsman process, a process still in 
uso. Blister stool was broken into short lengths and was nudt.c'd 
in a crucible. Tho stool poured from these crucibles was known 
as crucible -cast steel. It was known to early steedmakeu’s 
that manganese had a beneficial effect on the quality of sU'ed. 
Its voracity for oxygon oxcoedod tho power of the ii'ou to hokl 
oxygon, and its prcsonco in tho iron thoroforo provonted the 
formation of oxido of iron, a substance very dekiterious to the 
quality of tho product. Whatever bo the process of its j)r(»von- 
tivo action it was known that tho fine quality of the steeds made 
in Styria and in Germany was duo to tho presence of mangaiu^so 
in tho ore from which tho non was produced, which tho steed- 
makers used for conversion into stool. Also Heijith, an Inelian 
Civil Servant, discovered tlurt the excellent quiility e)f cewtaiu 
Indian stools was elue to manganese in tho metal. lle> eiame 
home anel patevntesl the pre)e!esH e)f adding mangaiu'se* to stead. 
It was added, in tho fenm e)f ceirburet of miuigiiiu'sei, te) thee esniedhle^ 
in which tho Huntsman process was beving eearrieel e)ui;. d'lm 
quality was improved and tho process be'ceune gemeend, but lle-alh 
himself did not reap tho l)onofit of his eliscovc'ry beeuiusee his 
patents wore generally infringoel, anel so sle)w is our pre)ee'ss in the) 
law courts that although tho Lords ultimately gave a ele)cisie)n 
in his favour, it was too lato to help him, for he was dead. 

Manganese is now added to stool in tho form of ferro- 
manganese. This substance usually contains about 80 por 
cent, of manganese, 14 per cent, iron, and 0 per cent, carbon. 
Its addition to a convertor or bath of docarburizeel iron the>re(fe)re) 
allows tho manganese to exert its iniluonco and id tho same) time) 
carburizes tho bath to tho particular percentage aimoel at. Rocar- 
burization is also done by adding spiegeleisen, a natural 
product containing about 6 por cent, of carbon, but much loss 
manganese than ferro-manganose. 

This was tho state of things up to tho year 1856 : iron bars, 
plates, and angles, made from puddled blooms, universally usoel 
for structural material ; stool made by tho cementation preieioss 
for ordinary use ; and fine stools for cutlery made by tho Hunts- 
man process. 

Bessemer at the Cheltenham mooting of tho British Associa- 
tion announced his discovery, and his discovery revolutionized 
tho industry. His process was to molt pig iron and then to 
blow air through it. Tho oxygon of tho air oxidized tho impurities, 
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including the carbon, and at the end of the process the liquid 
bath was converted into iron practically devoid of carbon and 
other impurities found in the pig. Carbon was then added, to 
the degree required, by the addition of a known weight of spiegel- 
eisen or ferro-manganese. 

The process was carried out in a vessel called a converter, 
mounted on trunnions and lined with ganister, a refractory 
substance almost pure silica. A usual converter capacity was 
5 tons. The pig iron to be converted was melted in a cupola 
near the converter and run from it into the converter. A blowing 
engine then forced air through the mass of metal in the converter, 
the air entering through fine holes in the ganister lining at the 
bottom. In about twenty minutes carbon and silicon had been 
burnt out and the flaming gas had died down at the mouth of 
the converter. The addition of ferro-manganese, or of spiegel, or 
of both, then took place, the converter was next turned down 
on its trunnions and its charge of steel poured into ingot moulds 
ranged round the apparatus. The plant was under control by 
hydraulic power. 

The steel age began with the introduction of this process 
in 1857. The process spread rapidly all over the world. There 
was however one limitation to the process as carried out by 
Bessemer. The process did not remove phosphorus from pig 
iron. Any phosphorus in the pig before the blow remained in 
the steel after the blow. Phosphorus cannot be permitted in 
steelexceptin very small percentages, because it produces brittle- 
ness. 

Iron, for conversion to steel by the Bessemer process, had 
therefore to be free from phosphorus. This limited the choice 
to Swedish pigs or pigs made from hematite ore. This limitation 
was removed by Thomas and Gilchrist, who were cousins. Gil- 
christ was a student at the Royal School of Mines and took his 
Associateship in 1871. It was generally known that phosphorus 
could be removed from the melt by adding lime to the converter. 
The difficulty was that the products of the reaction dissolve the 
silica lining of the converter. Thomas and Gilchrist substituted 
for the silica lining a lining made from dolomite, magnesian lime- 
stone. The lining was then basic instead of acid, and the products 
of the reactions between the lime and phosphorus did not attack 
it. The discovery was announced at a meeting of the Iron and 
Steel Institute in 1878. The process was demonstrated in 1879 
at the works of Bolckow, Vaughan & Co., Middlesbrough, and 
good steel was made from low-grade ore, hitherto unusable. 
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The process deYeloped rapidly in Belgium, Franco, aixd America, 
and enabled Germany to use her deposits of low-grade ore for 
steel-making. 

The difference, thou, between acid BosBomer steel and basic 
Bessemer steel is that pig iron low in phosphorus is decarburized 
in a converter lined with ganistor and that pig iron high in 
phosphorus is decarburizod and dciffiosphorizod in a converter 
lined with dolomite. Both melts are changed into Kteel by the 
addition of the assigned quantity of carbon put in with ferro- 
manganese. The general process of blowing the charge in the 
eonverter is the same in the two processes, except that in the 
basic process a short after-blow is given after the addition of 
lime to remove the phosphorus. The Siemens open-hearth 
process grow alongside the Bessemer process, and from being a 
formidable rival has in many districts displaced it. The process 
consists in the dccarburization of pig iron by molting with it 
iron ore, an oxide of iron, with or without steel scrap. This 
process is carried out in a Siemens regenerative furnace. 
In the older furnaces heat for molting the charge phiced on the 
hearth of the furnace was obtained from a coal lire at one side 
of the furnace. The flames, passing over the low wall separating 
the furnace proper from the hearth, wore deflected by the roof of 
the furnace down on to the ingredients on the hearth, and 
then, passing away to the chimney on the opposite side of the 
furnace, carried away to the atmosphere heat which was thus 
lost. 

The object of the designer of the regenerator furnace is to 
conserve the heat thus lost. The coal fuel is first gasified in 
separate gas producers and is then led through flues to the 
furnace hearth, mingling at exit in the furnace with air brought 
through separate flues and delivered into the furnace in the 
right proportion for proper combustion of the simultaneously 
delivered gas. The flaming gas is reflected from the roof of the 
furnace on to the ingredients of the charge on the hearth and then 
passes away through openings on the opposite side of the hearth 
to the chimney. Placed in the flue, full in the way of the hot, 
flaming gas escaping from the furnace, are stacks of firebricks, 
loosely piled so that the escaping gas, flowing through the spaces 
between the brides, gives up heat to the bricks. When the 
bricks have become heated to a state of incandescence, the whole 
flow of gas and air to the furnace and burnt gas from the furnace 
is reversed by merely turning two reversing valves in the flues, 
one to reverse the air-flow and the other to reverse the gas-flow. 
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The fir^t SiomouB rcgoiu^rativo fiiriuico wuh (wetod ai (Laneen’ 
GlasB Works, Biriniiigluini, in IHGl. 

The hearth of the furnaee is lined with a(*id or banie matt'rials, 
according to th(^ grade of pig iron to be desalt witli. In tlie* 
.BcHsenier procc^HH the pig iron to Ix' conv(^rt(^d in first ineltc‘d in 
a cujiola near the (;onv(Tt(u*, from which it is run into tlu^ eonviTter 
either aJong a Huit-alile (channel or in trannhuTt'd in a ladh\ In 
the open-heartli jirocc^HH pig ir<m and scrap steed are^ platunl (ui 
the lu^arth of tlu^ furnaea^ and an^ th(‘re» m(dt<‘d, aftiT which iron 
ore is added to decarbnrize tlu^ pig an<I to oxidbe^ otlu^r iiupnrit ies. 
At the end of tlu^ nu^lOng ami purifying proctw tlu^ Inearth 
containH lim])id liepud sUnd containing only a small ptTctuitagc^ 
of carbon. Lerro-manganoHe is addesl to bring th<% bath to 
assigned carboxi pcrcxmtagci, and them the charges is run off into a 
ladle through the taphok^ of the furnace. It may b(^ Ic^t out 
from the ladle into ingot moulds carried on small trucks running 
on a railway beneath the ladle. 

These few general remarks about stend matuifa(;turc^ may be 
liolpfid to studentR. For detailed kuowk’sdgx^ of thc'j Hubj(H*t tlu^ 
work on The MeMlhmjy of Iron, by Lrohwor 'Thomas 'Turner 
(Griffiji, London, 1916), shoukl be studu^iL and also that* oiuSVcrl 
by F. W. narbord and T. W. Hall (Orinin, Loudem, I9II)* 

We now pass on to consider typical carbon-HUud <Iiagrams. 
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30. Mild Steel. — ^Eig. 27 shows tho diagram of a pioco of 
mild stool. Tho tost piece was turned from a rod 1-0C5 in. 
diameter. Tho ohomical analysis is : — 

Por coat. Por oont. 

Carbon .... 0-132 Phosphorus .... 0-02H 

Manganese .... 0-300 Silicon 0-()28 

Sulphur .... 0-017 

Tho shape of tho curve is similar to those of iron. There is 
the quick drop from tho yield-point to an irregular link, and tho 
smooth rise to maximum load, after which tho load falls evenly to 
fracture. 

Tho physical constants of tho metal deduced from tho curve 
are : — 

Stress at yield-point . . . IH tons jjcr square inch 

Stress corresponding to ma.ximum load 24-8 ,, ,, „ „ 

Stress at instant of fracture . . .')3-8 ,, „ „ ,, 

Extension on a length of 5 inches . 30-0 p(ir cent. 

Reduction of area .... (>7-4 ,, ,, 

The inner structure, magnili('d 120 time's, is se(vn in Eig. 28 
(longitudinal section). Com])ared with llui inner structure of 
Swedish iron (Eig. 1!)), or Yorkshire iron (Eig. 22), the hhxilc size 
is finer, and there are two kinds of l)lockH, hlack and white. The 
black blocks must not bo confused with slag, because the stcx^ls 
are practically slag free. Tho substance of a white block is 
called ferrite. Ecrritc may bo regarded as pure iron from the 
point of view of metallography. The substance of a black block 
is called pearlite. 

In order to show that the distribution of tho black blocks 
amongst tho white is not necessarily uniform, !Eig. 20 shows a 
cross-section magnified only sixty times. This photogniph shows 
that tho pearlite blocks are by no moans uniformly distributed 
tlirough tho metal. Tho bar from wlikdi tho test piece was 
turned was annealed. Reference for furtluir information about 
this particular material may bo made to tho Interim Report of 
tho British Association Committee on ytress Distribution in 
Engineering Materials published on page 159 of tho 1915 B.A. 
Report. 

Tho Committoo obtained a stock of 1 ton of this mihl stexd 
early in 1914. Tho material was from a single molt, and tho 
preliminary tests furnished by Mr. Cook show tho influence of 
rolling on tho physical constants. Eor example, a bar rolled 
down to inch diameter shows a yield stress as high as 23-9 
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totiH per Hciuun' itio.h, whilst a bar rolled otdy to 1 ,5,1 inch diameter 
lias a .yi(dd of la tons p('r Hiptan^ ineh. 'I’ho liijfjlier yitdd Htrms is 
prodtie.(>d by tli(' gn-ater amount of meehanical work done upon 
it to r<‘dut!e it to (,h(» smaller diameter. Tests by alternating 
loading wiw made hy Dr. B. H. Ilaigh. 

31. Steel. - Kig. ao shows the load extension diagram of a 
O-aa earbon Hte('l. 'I'he ehemit^al analysis is : • 

I’cr e«ii(, I>,„. 

('arbon .... O-aa Phosphorus .... O'Oa 

Mangatuw .... o-l!) Silieon O-oaa 

Sulphur .... o-oa 

T1k» curve posst'sstm tlu^ fattdly charatite'risties of the irons and 
sUnds, but with a marked individuality of the irregular link. 
In fact, tlm pronounced waves in this link give a clue to its nu'an- 
ing. 'I'ho central peak in the link shows that the plastic curve 
had (somnuuiced, but that a local yield-point occurred and the 
load droppcvl. Pour times the effort was made and four times 
the nudal yielded. This indicates that the metal does not yield 
uniformly all along the gauge kuigt-h at the same instant. When 
t.he first yield takes place, that is, wlu^n the beam droits in a 
hivctr testing ma(diin<\ soimt of tlut metal along tlut gauge kuigt-h 
has still to pass the yi(‘ld~poiid'. As will Ix' sfX'ii lat<^r, iron ajul 
st<‘('l ar<t p<'(udiar in this n'spt’ct Ix'c^ausi' no iiT<*gular link is seen 
in (h(' loa<l”extenHion diagrams of ol lu’r nudals or even in alloy 
Ht(H*ls. 

1 lu' phyHi(al (unistants obtaintul from the diagrtun ar<' ; 

iStrt'ss at yield poiid. . . . tons p<'r s(|uar(' inch. 

Htress corr<>sp<mding to maximum load ,, 

Htress at instant of fracture . , ,, ,, ,, ,, 

Kxt(msion on a letigth of 5 inches . 2« p<«r c(*nt. 

Jbshmtion of area , , . . 30 „ „ 

'rhe inner structure (Fig. .'ta) shows an ev(m distribution of 
bhuik p('arlit.(» blocks amongst the whibt fi^rript blocks, and the 
longitudinal stsition (Fig. 31) indicad's baiuling in the<iirecti<m of 
rolling. Il<dling does not always pnidime this barnhsl effect, as will 
be seen by comparing th<t longitudinal strucf.ure of other samples. 
The banding is probably connected with the temperaiurts of 
rolling. 
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32. Bright Drawn Steel. (Fig. 33.) The test piece was 

turned from a bar of bright drawn steel taken out of stock. The 
chemical composition of the material is as follows. 

Per cent. Per cent. 

Carbon 0*195 Phosphorus .... 0*049 

Manganese .... 0*570 Silicon 0*020 

Sulphur 0*038 

The physical constants are : — 

No marked yield-point. 

Stress corresponding to maximum load 33*7 tons per square inch 
Stress at instant of fracture . . 50*0 ,, „ ,, „ 

Extension on 5 inches . . . 16*3 per cent. 

Reduction of area . . . 54*0 „ „ 

The inner structure of the material is seen in Figs. 34 and 35. 
The distribution of black pearlite blocks in both cross and longi- 
tudinal sections is remarkably uniform, Neither the preliminary 
hot rolling nor the subsequent cold working in the process of 
producing bright drawn steel has produced banding in the pearl- 
ite. From the longitudinal section the blocks have an average 
diameter of about 0*001 inches. 

The shape of the load-extension diagram is strikingly different 
from any yet illustrated of iron and steel. Yield drop, and irregu- 
lar link have disappeared and the curve is smooth from origin 
to fracture. The diagram is however consistent. Its peculiar 
shape reveals that the metal is in an overstrained condition. 
This condition is produced by the cold work done upon it in the 
manufacturing processes. There is nothing in the microphoto- 
graphs to indicate that the material is in the overstrained state. 
The structure is regular and normal and on the scale shown, 
namely 120 diameters, the inner structure would suggest material 
in the normal unstrained condition. 
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^ To illustrate this, consider the diagram Eig. 36. It is from a 

steel test piece, but stretching was stopped and the load was 
removed when the piece had been stretched about ^ inch. The 
load was then reapplied and the piece was stretched to a little 
^ over 1 inch. The load was again reapplied and the piece was 

broken, and the diagram for this operation is seen in Eig. 37. 
This diagram is similar in shape to the diagram Eig. 33. The 
^ inference is that the material giving diagram Eig. 33 is in a 

state similar to that of the material giving the diagram Fig. 37, 
that is, overstrained. 

Fig. 38 shows the complete story of the test, of which Eig. 
36 is the beginning and Fig. 37 is the end. Five plates were 
taken in sequence. The five plates placed in order are seen in 
Eig. 38. The upper contours of the diagrams run into a curve 
I which is true to the group curve of the iron and steel family. 

The continuous curve in the upper part of Eig. 38 was taken in 
^ one pull from a test piece of the same material. It should be 

understood that each diagram of the sequence of five was taken 
separately on a separate negative. The time elapsing between 
the diagrams was only a few minutes. 
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33. Bright Drawn Steel, Heat-treated. — Pig. 39 hIiowh t he 
effect of licat treating the overHtrained metal of Fig. 33. 

Two test piccCkS were cut from the same bar of bright 
drawn steel taken out of stock. One of them, broken straight- 
away, gave the load-extension diagram (Fig. ,33). Tlio noimid 
test j)iecc, annealed for forty-live minutes at 550*^ 0. and after- 
wards broken, gave the diagram Fig. 39. 

The annealing process lias quite restored the steel to it.H 
normal state, and the load-extension curve at once falls into 
the group shape belonging to irons and steels. Ifrom iJiis 
plate the physical constants of the annealed metal have h(‘c‘n 
calculated and they are recorded in the lirst column l)elow. In 
the second column are given tlie figures corresponding to Fig. 33 
for comparison. 


Via. . 39 . 

Stress at yield . . 33*3 tons j)er sq. in. 

Stress corresponding to 

maximum load . 35*2 ,, ,, ,, 

Extension on 5 inclu's . 17-4 [X'r cent . 

Reduction of area . r>r>'() ,, ,, 


Via. 33 . 

33-7 

I()*3 p(U’ c(‘ut. 


The lic'at treatnumt has restored tlu^ nu^tal to the normal 
state of iiiild steel correHj)onding with, tlu^ (uirhon eont(mt. 

Tho imicr structure of the annealed material is seen in h'ig. 
40. It differs little from the inner structure of the ovc^rstraincxl 
material. The structure of the cross-section is very similar. 4.\v() 
miorophotographs (Figs. 41 and 42) arc added, magnifitxl only 
forty times to show how regularly the poarlito constituent is distri- 
buted through the material. 

34. Mild Steel, containing 0-1 pc^r cent, nickel.-- Fig. 43 is 
a diagram from a stool test piece of which the chemical analysiH 


is 

Pop (unii.. P<‘r conf.. 

Carbon 0-1 3 I'lionphorus .... O-Ol 

Mangancso .... ()-38 !8ilicon ()-27 

Sulphur 0-02 Nickel O-IO 


Tho physical constants derived from the diagram arc : — 

Stress at yield-point . . 9-2 tons per square inch 

Stress corresponding to maxi- 
mum load . . . 21-2 „ „ „ „ 

Stress at instant of fracture . 41-6 „ „ ,, „ 
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Extension on 4 inches gauge 
length .... 
Reduction of area 
Charpy impact number 
Brinell hardness . 


31 per cent. 

1*56 

81 


The yield stress is remarkably low for steel with the carbon 
content of 0T3 per cent., as will be seen by comparing the results 
with those of mild steel of the same carbon content (§ 30). 

Fig. 44 shows the inner structure magnified 120 times. Com- 
pared with Fig. 28 and with the other structures of steel (Figs. 
32, 34), it will be seen that the blocks are relatively enormous 
in size. Very approximately these blocks, as seen on the diagram, 
are each of the order 1 square inch area as compared with 0*022 
square inch in Fig. 34. The linear relation being 0*15 to 1, the 
block volumes are in the ratio of 1 to 350 approximately. Sir 
Robert Hadfield, who gave me the steel, described it as em- 
brittled and told me that this large block size was brought about 
by prolonged annealing at about 1200® C. and slow cooling in the 
crucible. Block size has grown at the expense of the strength. 

35. Pearlite. — The black pearlite blocks may now be more 
closely examined. Fig. 45 shows one of the black blocks of Fig. 
44 magnified 720 times. The particular block seen in Fig. 45 
does not appear in the field of view of 44, but it is not far from 
it. The structure seen is called laminated pearlite. The lamin- 
ations are alternating sheets of ferrite and cementite. 

Cement! te is the chemical compound of iron and carbon, Fcg C. 
Thin sheets of iron alternating with thin sheets of cementite, 
packed closely together about 60,000 sheets to the inch, form the 
substance of a pearlite block, and these packed sheets are bent 
in the pack into shapes which suggest that the final forms of the 
blocks seen in the microscope have been developed against a 
complicated play of internal molecular forces. 

Steel containing 0*9 per cent, of carbon and suitably annealed 
is found to be built enthely of pearlite blocks. It is usually 
assumed that the whole of the carbon present is combined with 
iron to form the cementite sheets, and therefore that none of it 
is dissolved in the iron sheets or iron blocks. With this assump- 
tion the composition of a pearlite block can be deduced. 

From the chemical formula Fca 0, 0*9 per cent, of carbon 


requires 


0*9 X 168 
12 


= 12*6 per cent, of iron to form cementite. 


assuming that the atomic weights of iron and carbon are respec- 
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tivoly 12 and 56. Therefore in 100 parts by weight of pearlito 
there will be 12-6 + 0-9 = 13*5 parts by weight of coinontito, and 
the remaining 86*5 parts by weight of iron in the iron laminations. 
In general, assuming that all the carbon present in the pearlito is 
in the cementito sheets, and taking 0*9 as the carbon content 
corresponding to the all-pcarlite structure, x, the percentage of 
pearlito contained in a steel containing c per cent, of carbon, is 

rr = 111c, 

and the iron left over to form iron blocks after the lamitiatod 
pearlito is formed is 

100 — 111c per cent. 

For example, the steel of which Fig. 44 is the inner structure 
contains 0*13 per cent, of carbon, then the iron blocks contain 
100 — 111 X 0*13 = 86 per cent, of iron and the black blocks 
contain 14 per cent, of pearlito. This 14 per cent, of pearlito 
contains all the carbon, and the balance of the iron partly in 
chemical combination witli the carbon to form Fca C and partly 
in laminations. The black blocks in Figs. 28, 32, 35 are con- 
structed of lamellar pearlito. 

The formation of lamellar pearlito takes place as tlu^ nu‘ial 
cools and when heat flows from it at a certain riite. Lanu^llar 
pearlito is not formed if the heat flows away too fast. It is also 
not formed if it is cooled too slowly, nor if otlier metallic alloys are 
present in any great proportion. Its appearance may bo takcui 
as an index of a moderate rate of cooling and absence of much 
alloy. 
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36. Heat Treatment to reduce the Block Size of Steel. — 

As an immediate illustration, the presence of nickel and a special 
heat treatment increased the strength and produced a non-pearlitic 
structure of the embrittled steel whose load-extension curve is 
Fig. 43, with corresponding inner structures Figs. 44 and 45. A 
test piece of it was heated for thirty minutes at 880° C. and then 
quenched in water, after which it was reheated for two hours at 
650° C. and cooled slowly. The load-extension diagram Fig. 46 
shows that its yield stress has been doubled. The block size of 
the inner structure has been reduced. Lamellar pearlite could 
not be seen in any of the blocks, even under the highest powers. 

The physical constants are brought together here for compari- 
son. The peculiar behaviour of this steel is probably due to the 
nickel present in it. Physical constants derived from the dia- 
grams are : — 

Embrittled Heat-treated 

State. State. 

Stress at yield-point 9*2 18-4 tons per square inch. 

Stress corresponding to 

maximum load 21*2 24*8 „ „ ,, „ 

Stress at fracture . 41*5 71*0 ,, ,, ,, ,, 

Extension on 4-inch 

gauge length . . 31*0 per cent. 29*5 per cent. 

Reduction of area . 64*0 „ „ 80*0 ,, „ 

Charpy impact num- 
ber .... 1*56 18*67 

Brinell hardness . . 81*0 106*0 

37. Strength and Inner Structure of Mild Steel. — In a 

paper by the author published in the Transactions of the Insti- 
tution of Naval Architects, 1917, some facts are marshalled which 
indicate that the strength of pure carbon steel increases uniformly 
with the increase of carbon provided that the heat treatment has 
been such as to produce lamellar pearlite in the structure. 

Assuming a linear relation between the stress corresponding 
to the maximum load on a test piece/, and the carbon content c 
of the steel, the relation deduced from these experiments is 

/, = 51c + 16. 

The strength of steel in the region of 0*9 per cent, of carbon 
varies in a somewhat erratic manner. The formula is not reli- 
able above about 0*7 per cent, of carbon. A steel containing 
0*13 per cent, carbon from this formula should have a value of 
= 22*63 tons per square inch. The expression will be found 
useful in estimating to a first approximation the strength of steel 
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of known carbon content annoalod so that lamellar p('arIito is 
produced. 

38. Nickel Steel. — Fig. 48 shows the normal diagram for 
nickel steel of the following composition : • 


Carbon 
Manganese . 
Sulphur 
Phosphorus . 


()-:{2 Silicon . 

0-5(i Nickel . 

(H):i7 Copper 

()-()27 


l*<'r 

. ()•()!) 

. :{-r>2 
. 0-()42 


This normal state is produced by HjKHual heat i-rc'ainuuit oil flu's 
part of the manufacturc^r. Sometimes (■Ju^ drop at yi<'l<l is mori^ 
pronounced and approaclies a carlxvii stexd in shapes Ibit this 
difference indicates a differeiu'.e of Iu'af< trc'at nu'ut or nu'ehanieal 
treatment in the process of manufacturer 

Alongside is seen a dia.gram (Fig. 49) (akeri from a ti'st piixu^ 
of overstrained nickel stoi'I. TIkti^ is a f oial ahsiiuu^ of drop at 
yield. Both tlicso pieces wen^ cut from iJu^ same mattanal. The 
test piece from whieli Big. 49 was fa.k(‘n was first s(.rt4T*lu‘d 
inch to overstrain it and then the load-irxtmisioii diagram was 
takojL 

The inner structure of normal and oviu’sl-raiiu'd maftTial is 
scon in Figs. 50 an<l 51, both magnilied 120 tinu's. TIu^ strmd un^ 
scon is in longitudinal section, but the cross-stHdious sliowtsl 
little difference. The specimen cubes the eieJunl surfaeu^ of wbieJi 
is seen in Fig. 50, was cut from the end of tlu^ test pivco 49 and tlu’i 
spocimen cube, the etched surface of which is senm in I<hg. 51, was 
cut close to the fracture of tevst pic'ce^ 49. Both are^ flu'ridore* 
from the same tost piece. The maternal nren in Fig. 50 has not 
boon under load at all. The makTial seem in hhg. 51 luis benm 
under a stress corrcsiiemding to a direed. pull of more t han (H) tons 
per square inch. l-.ittle differemee is se*en in tho sf.rued-ure'H. Beleiw 
arc two photograplis (Figs, 52 anel 53), in whiedi the^ Htruetaire^ is 
magnified 30 timers. 

The ifiiysLcal constants derived from then eliagrams are as 
follows :• — 


Stress at yield . 
Ultimate stress . 
Stress at fracture 


Fici. 4-8. Kiu. 49. 

•10 37*0 ions peT sejuare^ iiudn 

■ 40-0 40-0 „ „ „ 

• 03-0 00-5 „ „ 


Extension on 5 inches 10 per cc^nt. 14-4 per cemfu 
Eoduction of area . 30-0 ,, „ 39-9 



.oad,_Tons. 
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39. Chrome Nickel Steel (Haafielcl’«). 'I'lie k'lwt ejcten 
Hioti (liaf^r!^(IU of this alloy sU't'l is soon in Kiji;- l>‘l- 'I'ln' ohoniioal 

in 

(larhon . , , . (Kill Silkam 

Mangaiic^ws .... Niokt'l . . , * 

Sulphur .... 0*44 (lirumiutiu . . . 

141u>.spluiru:i , . ♦ 0*34 

I'lu'ro in no drop at yiuhl jHiint. 'riio tnirva^ pfwuH into tlit^ 
{>laHti(? Htat<\ r<'|(ulu.rly grown to a inaxiiiuuin and thon fattn to 
ttic^ fractun^ down a long Hl(*(^p path, nlunving that thi'rt^ in nm 
Hid(*ral)h5 rtnluidion of ar<'a hrfort' frartun\ 
d'ho phyniral (‘ouHtantH an^ ; 

StrtsMH at yii'hl ...... f>d ttuin ptT Hcpian^ inrh* 

St r(‘HH (H»m*Hponding to luaxinitun 

load (H touH ,» ,, 

StroHH at iuHtant- <»f frartun^ . ItH) t<»nH ,, ,, 

Kxttuadon on li inrhoH . . , |o pur <’rnt, 

iJoduction of an^a *ilt ,, 

'11h' inner ,strueiuro in Hocni in Fig. oo. It U f»eon to !»«' lunlt 
of hloekn^ houh^ dark anti nomo light, Ind- tlu^ eiroet of th«' niek«4 
and rlinunitnn han lunai tti dentniy the nharp rtadraHi lH4w«^on 
fti’riii^ and p<'arlitt\ It in ditlietdi to intta’prot tho ntrui^uro in 
tln^ ordinary ttnnuH, 4‘ho pn'Honi'o of nu4ci4 and i4ir<nniuin may 
hav<^ c’auHod a mort^ uniform dintrilmthm of tho rarlnm thrtmgli 
tho nuit Uriah 
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40. Tin and Zinc. — ^Load-extension diagrams of these two 
metals are shown side by side in Figs 56 and 57. It will be noticed 
that the load scale (Fig. 57) is twice the load scale in Fig. 56. Both 
curves exhibit a characteristic which differentiates them from the 
family of curves peculiar to iron and steel. The load rises rapidly 
to a maximum up a line which looks fairly straight and then 
passes an apex and falls away rapidly to fracture. 

The diagram is in shape like a sc3rbhe standing on its handle. 
The vertical line at the end of the diagram (Fig. 56) is caused by an 
extensometer lever coming against a stop so that the extension 
is not fully recorded. The load at fracture is correctly recorded 
and the total extension can be measured from the halves of the 
broken test piece. The curve for tin shows- an abrupt apex at 
maximum and then an almost uniform fall, ending by a curved 
slope to fracture. 

The diagrams of inner structure shown below indicate a struc- 
ture of small blocks. 

The physical constants of these bars are compared below : — 
Zinc. Tin. 

Ultimate stress . . 10-4 2-8 tons per square inch. 

Stress at fracture. . 24-6 5*05 ,, „ ,, „ 

Extension on 2 inches 62 per cent. 42 per cent. 

Reduction of area . 83*4 ,, ,, 80 ,, ,, 

No stress at yield-point is included in the table, because, with a 
magnification of extension scale to show the shape of the rising 
load line, it is found that there is no real elastic limit. The curve 
begins to curve slightly almost from the origin of no load. 

Comparing the size of these blocks with those of say Swedish 
iron, and then comparing the ultimate strengths of zinc and tin 
with that of Swedish iron, it will be clear that block size alone is 
no indication of the strength of metals generally. Tin with a 
small block is only one-sixth as strong as Swedish iron with a 
block many times larger. 


PLATE XIX. To face p. 60. 

TIN AND ZING 



Extension, -Inches. Extension,- Inches. 



YiG, 58 . — Tin. Cross Section. X 120. Fie. 59. — Zinc. Cross Section. X 120. 







I.OAI) KXTKN'SION Dl A({UAMS 




41. Copper. cxtoiwidn <urvt'H fdr uml 

arHcnical arn hIkiwu in Kikh, <10 amf tU, hi-r with 

tliiur r(W{«'(it.ivt' inner HtrnetureH, Ki^n (12 und (12. 

'riic’Kn curvcH alunv a family chararteriMt ie nf their <nvn, After 
a Hhort, ajiparently v(*rtieal, riw' (»f htail tlt(^y etirve away to the 
right in a. i<mg upwiml nweep (t» a inaxinmm luail ami then fall 
away to fractnre like iron or Itnt etmipnred with zine ami 

tin tlm family <'haraeti«riHtieH are wide ajairt. Thi’ reeurding 
H{)<it (dimliH a Mh(»rt (jtiani ehiKtio line and tlnm fulloWH a jda«tie 
(uirv(t to a high altitmh' hefon’ reuehing the flat upjH’r region of 
tlie maximum load. In Imth tin ami zine the «|Kit elimltH (|uiehly 
t(» it« highest altitude up a path whieh im the seale i»f the diagram 
shows imp«'r<>eptihle curvature to the apex and then without 
lingering drops from it to tlu' fraetur*’. (‘tnnparing the eop|M'r 
<tiirv<*s togethcT as tmunhers t,{ a family, it will he seen that the 
soft eleetudytie copper begins its upward curve sooner than tin* 
hanler arsenical e«ipjM<r. 

The physical eoiiHtanls from the diagram are as follows ; 


Klf’rl rulyf I*’ 

( *t (|t| tf^r, 

Htress at yield , , 2 (I.*! 

Ultimate 

at frat’ittn^ . a:M;v 
on ll inc’ht'H ah jtrr «•**: 
Hcnlurlttm aroa , IMI ,, 


Arm OM'iil 

.'t oH tons pel' mpiare jjieh. 
Mm;! ,, 

•t'eo 

.>H per cent. 


Yield stri'SM has been tahidated, Imt it is not eomj«»rable in the 
c'lastie wuise with the yitdd stress in steels and irons. It means 
hi*r<i the point at which plastit! extt<nsion is’conies pronotuu'ed. 
Kxtensoim'tt'r meitsurenients of refs-aled loading within the yield 
stress wttuld mit show true elasticity. 

(kttnparing the inner structures togelher.it will be stsm that 
then’ is mtt much dilferenee. ( 'omjatred with steels and iron, the 
hUaiks are more angular. 
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42. Brass. — ^Two load-oxtonsion diagrams are nhown in l'''igs. 
64 and 66, taken from ordinary conmiorcial brasH rod. 

Tho tost piece in the load-oxtonBion diagram (Eig. (i4) waH out 
from a bar sold as “ naval brass.” Tlio rod of Fig. 65 was sold 
as A.B. brass. 

Tbo compositions of tho brasses arc shown in tho folU)wing 
table : — 


Copper 

Naval BiTtHH. 

.Por 

. 0()-()() 

A.B. BmHH. 

ni)’20 

Eino 

. :{9*()() 

:w^7o 

Tin 

J-()() 

()•()() 

Ijoad 

. Tnwo 

^Fracu^ 

Iron 

O-OO 

MO 

Manganese .... 

()•()() 

0*()0 


Both brasses are called (i()”4() brass. This mi.xtun^ gives liigh 
strength. Tho j)hysiGal constants of tho two brassc's, det.erniiiwid 
from their load-extension diagrams, are as follows : • 

Naval IlrasH. A.U. liruHs. 

No marked yield-point. 

Stress corresponding 

to maximum load . 2!)-6 :i2-6 tons ix'r scpiaro inch. 

Stress at fracture . 51 -Jl 4H-5 ,, ,, ,, 

Extension on 4 inches IIO per cent. 21)-7 per cent. 

Reduction of area . 46-3 „ ,, 33-5 ,, „ 

Comparing those figures, it will bo soon that tho matt^rial called 
A.B. brass is slightly stronger than naval brass, but not so due, lilt'. 

There is a marked difforonoo between their inner stnad uri's 
(Figs. 66 and 67), but they have tho common cliaracdi'ristin t hat 
two kinds of material arc used in their strueturo. A light mat.<'rial 
which has built itself into elongated clustorH of crystals in Fig. 60, 
and has built itself into separate and isolated blocks in Fig. 07. 
This is called alpha brass. Secondly, a dark mat('rial which fills 
tho spaces between tho light material. This is calk'd b(4.a brass. 
Tho interlaced structure of the naval brass is seen bottc'r in Fig. (IH 
under tho smaller magnification of 30 diameters. 

Brass of the 60-40 composition shows great variety of inner 
structure, depending not only upon the impurities in th<' ingr(«- 
dionts, but upon its previous liistory as regards cold working and 
heat treatment. Tho structures shown above are those found 
in rod brass as purchased. 

Brass composed of 70 per cent, copper and 30 per c('nt. zinc 


PLATE XXI. 


60-40 BRASS 


To face p. G2. 








Fig. 66. — Cross Section Naval Brass Fig. 67. — Cross Section A. B. Brass. 
Longt. Similar. X 120. Longt. Similar. X 120. 





70 30 BRASS 




LOAD EXTENSION DIAGRAMS 


6S 


has greater ductility than 60-40 brass, but it is not so strong. 
Its ductility enables it to be used for cartridge cases. Its block 
crystals are elongated and distorted during the drawing and 
stamping processes, and frequent annealing is necessary. The 
inner process during annealing is a process of recrystallization. 
The elongated and distorted blocks recrystallize into blocks of 
approximate equal dimensions along the axes of crystalliza- 
tion. 

The inner structure of a drawn and annealed rod of 70-30 
brass is seen in Fig. 69, magnified 120 times. The block size 
depends upon the cold work done upon it before the annealing 
process was applied, and also on the annealing process itself. The 
stress corresponding to the maximum load was 21 tons per 
square inch. The extension was 58 per cent, on 5 inches, and 
the reduction of area 67 per cent. The inner structure of a sheet 
of this material is seen in Fig. 70, magnified 44 times. The 
material is in the annealed condition. Comparing this structure 
with that of the 60-40 brass it will be seen that there is only one 
material used in the building. This one kind of crystal block is 
alpha brass. Beta brass does not appear in the structure until 
the zinc reaches the proportion of about 36 per cent. i.e. a 64—36 
brass would show a structure in which the beta constituent begins 
to appear. 

Figs. 71 and 72 and 73 show the inner structure of a part of 
the brass plate magnified 533 times. This degree of magnification 
brings out markings which suggest the inner structure of the 
crystal blocks themselves. The units of construction are ranged 
in regular rows parallel to the axes of crystalhzation. From block 
to block the orientation of the crystalline axes changes. Parallel 
bands will be seen across many of the block crystals. This is 
called twinning. Twinning is a regular change in the direction 
of the axes of crystallization, followed by another change back 
to the primitive directions. The crystal blocks of annealed 
material which has been cold- worked show twinning freely. Fig. 
69 shows twiiming in almost every block in the field. It is the 
structure of a 70-30 bar, magnified 120 times ; cf. Figs. 62 and 63. 

It may be noted that although the composition of the brass 
rod, of which the inner structure is seen in Fig. 69, and the brass 
plate illustrated in Fig. 70, is identical, namely 70 copper and 30 
zinc, yet the strength constants differ when the material is tested 
as a bar or as a thin plate. 

Drawn into a thin plate 0-025 inch thick, the physical con- 
stants are given in the first column in contrast with the physical 




% 


I 
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constants of the same 70-30 material determined from a test 
piece turned from a bar 1|- inch diameter. 

Thin Plate. IJ-inch Bar. 

No marked yield -point. 

Stress corresponding 

to maximum load .15 21 tons per square inch. 

Extension on 5 inches 22*5 per cent. 58 per cent. 

Reduction of area ..30 „ „ 67 ,, „ 

This comparison incidentally illustrates the influence of the cross- 
section on the physical constants for the extremes of a thin plate 
and a circular section. 

Much information about brass is given in the 4:th Report of 
the Alloys Research Committee of the Institution of Mechanical 
Engineers. In the discussion on this Report Sir William Anderson 
contributed some interesting particulars of the details of manu- 
facture of cartridge cases from 70-30 brass. Reference may be 
made to a paper by F. Johnson, M.Sc., entitled The Alloys of 
Copper and Zinc : an Investigation of some of their Mechanical 
Properties, Journal of the Institute of Metals, Vol. 20, No. 2, 1918. 

43. Gun Metal and Phosphor Bronze. — Load-extension 
diagrams of these metals are shown side by side in Figs. 74 and 75, 
the inner structures in Figs. 76 and 77. The analyses show : — 

. Gun. Metal. 

Per cent. 

. .. . 86*5 


Copper 
Tin .;"V‘ 
Lead . . 

Phosphorus 
Zinc . 


} 


;2-7 
Ttace 
6 . ' 

10-8 




Phosphor .Bronze. 
Per cent.* 

,94:6 ' ’ 7 

- V.- 

" , , , 

6'’ ' .• 

. 0-3 

1-7 


-The physical constants' from the . diagrams are 

: Phosphor Bronze. 


31-65 tons per square inch? 
68-7 , „ „ „ „ , 

8 per cent, pn 6 inches 
70 „ „ ■ 



.Gim Metal. 

Stress corresponding 
. to maximum load 30*65 
Stress at fracture . 55*60 

Extension on 4 inches 12 per cent. 

Reduction' of area . 58'7 „ „ 

The curve of phosphor bronzeresembles that of the tinUonstituenIbi 
It is quite unlike copper. The curve of gun metal also resembles 
6hat of this constituent. . «. “ ^ . 

The blocks of the phosphor bronze are large and angular, and 
there is twinning in nearly all of them in a marked degree. The 
test pieces were both cut from bars about 1 inch in diameter, 
purchased from stock. 



Fi( 3, 7(K ( Uui M('t<al. Loriju^Uiuliunl Hao- 77. (Mionphor Hronw 

l-ioiu X 120. (liiuO HtM'Uou. >: 
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44. Cast Iron. — Cast iron shows no plastic yielding. As 
seen in the load-extension diagram (Fig. 78) the load increased to 
6 tons and then the test piece broke off short. The corresponding 
stress is 1 34 tons per square inch. Neglecting the small reduction 
of area, this is the stress at fracture, so that in cast iron the stress 
corresponding to the maximum load and the stress at fracture are 
practically identical. 

The extension measured on this test piece, namely 0*04 per 
cent, on 5 inches, is minute compared with the extension of the 
ductile materials iron and steel. 

The inner structure is seen in Fig. 79, magnified 120 times. It 
is seen to be in the main a mixture of two materials, a dark and a 
light. The general nature of the structure will be better under- 
stood after the inner structure of pig iron has been studied. 
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TABLE 2 



Stress In 
Tons per sq. in. 

^4 

C3 O-e 

i 

a .. 


Chemical Analysis. 



At 

Yield. 

T3 

a! 

O 

"’S 

At 

Fracture. 

Extensio 
per cent. 
Gauge Len{ 

iu 

So 

§ 

Ci5 

Ins. 

Reductio 
of Area 
per cent 

Garb. 

Mn, 

S. 

P. 

Si. 

m. 

Swedish Iron . 

13*3 

18-6 

48*7 

36-0 

5 

74-0 

•047 

•005 

•008 

•057 

•014 


Yorkshire Iron. 

16*9 

22*0 

41*9 

28-4 

5 

58-6 

•049 

•016 

•004 

•083 

•146 


Staffordshire Iron 

18-0 

23-9 

36-0 

23*6 

5 

38*0 

•075 

•050 

•016 

•188 

•180 


B.A. Mild Steel 

18-0 

24-8 

63*8 

30-6 

5 

67-4 

•132 

•300 

•017 

•028 

•028 


Steel 

22-8 

28-7 

59*9 

26*0 

5 

30-0 

•220 

•490 

•020 

•030 

•035 


Bright drawn . 

— 

33-7 

60-0 

16-3 

5 

54-0 

•195 

•670 

•038 

•049 

•020 


B.D. Steel H.T. 

33-3 

35-2 

68*6 

17-4 

5 

55-0 

•195 

•570 

•038 

•049 

•020 


Mild Steel § 34, 

9-2 

21-2 

41-5 

31-0 

4 

64*0 

•130 

•380 

•020 

•010 

•270 

•100 

Do. Heat Treated 

18-4 

24*8 

71-0 

29-5 

4 

80-0 

•130 

•380 

•020 

•010 

•270 

•100 

Nickel Steel 

38-0 

46-6 

63-0 

16-0 

6 

36-6 

•320 

•560 

•037 

•027 

•090 

Cu 

3-52 

•042 

Ch. Ni. Steel . 

53-0 

61*0 

100* 

10-0 

6 

59-0 

•330 

•330 

•440 

•340 

•130 

Ch 

3-77 

1-73 

Zinc 

— 

10*4 

24-6 

62-0 

2 

83*0 







— 



— 

Tin .... 

— 

2-8 

5-0 

42-0 

2 

80*0 











— 

Copper, El. 

2-6 

14-1 

33-1 

58-0 

3 

66*0 

— 

— ' 

— 

— 



— 

Copper, Ars. 

3-6 

14*8 

35-5 

58-0 

3 

68*0 

Cu 

Zn 

Tin 

Pb 

Fe 

Mn 

Brass, Naval . 

— 

29-6 

51-3 

36-0 

4 

45*3 1 

60-0 ; 

39*0 

1*0 

trace 

•0 

•0 

Brass, A.B. 

— 

32-6 

48-5 

29*7 

4 

33*5 

59-9 : 

39-7 

0*0 

brace 

M 

•0 

Gun Metal . 

— 

26-3 

33-5 

14-0 

4 

21*6 

86-4 



12*4 

2*4 





Ph. Bronze 

— 

31-6 

68-7 

8-0 

5 

70*0 

89-7 



8*85 

1-21 

Ph. 

brace 

Cast Iron . 


13-4 


• — 

5 

— 

— 

— 

— 


— 

— 




L-.- 


CHAPTER III 

COMPARISON OP TABULATED RECORDS OP 
STRENGTH AND DUCTILITY 

45 . Influence of Gauge Length on the Figures of Strength 
and Ductility. — The results of tests discussed in the previous 
chapter are tabulated in Table I. Following the usual practice, 
the observed load a1} yield and the observed maxiraum load are 
each divided by the primitive area of the test piece to get the yield 
stress and the ultimate stress or tenacity of the material. The 
load at fracture is divided by the cross-sectional area of the 
fracture to get the stress at fracture. The extension of the gauge 
length, reduced to a percentage, is entered in the table, together 
with the gauge length on which the extension was measured. 
The percentage extension is commonly used as a measure of the 
ductility of a material. The reduction of area is also entered. 

The. question now arises, Can strengths of different materials 
be compared by comparing ultimate stresses 1 and can ductilities 
be compared by comparing percentage extensions ? The answer 
to the first question is yes, if proper precautions are taken in the 
design of the test piece ; but to the second question the answer 
is in general no, but yes if the test pieces are geometrically similar 
in form. The conditions which influence the answers to both 
these questions are brought out by the experiments about to be 
described. 

The load-extension diagrams arranged in echelon, Fig. 80, 
were taken from test pieces cut from one and the same mild steel 
bar. The object of the record was to trace out the influence of 
the gauge length on strength and ductility. Therefore it was 
necessary to define the gauge length by shoulders in order to get 
down to so small a length as one-eighth of an inch. The test 
pieces were alike except in gauge length. This was varied from 
one-eighth of an inch between the shoulders to five inches between 
the shoulders by the steps indicated in Fig. 80. The ends of each 
test piece were screwed 1 inch gas, and the part to be broken was 
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Pxt c nsiofi 

Kiel. 80. ' Loa(l-<'xt('UHioH Diugriun.s iu Kcliolou. 


tumod down to ()-6 inch diameter. Tlu' ^-iiu!li, I iiieli, and 5- 
inch toHt picccH are Keen in Fig. HI. 

Tensile Strength, Tenacity, Stress corresponding to 
Maximum Load. A glance at Fig. HO ahowH that the maxi- 
mum load incroasos for very Hhort gauge lengths, the inc.rt'aHO 
beginning in the region of the l|-inch t(wt pit'e.e. 1’ho 
increase is seen better in the curve of tensile stnuigib plotted 
against tlm gauge length (Fig. 82). 

The tenacity corresponding to the maximum load (!arri(‘d hy 
the 6-inch test piece is about ."iO tons per square iiudi. 'rim temuuty 
corresponding to the maximum load carried hy t.ho ^-inch test 
piece is about 49 tons per square iue.h. TIuih one and tin' sanu' 
material appears to vary in tenacity Inttwec'n :!0 and 49 tons per 
square inch. This variation is brought about hy nu'rely varying 
tho gauge length. Therefore tabulated tenacitif^s of diih'n'Ut 
materials arc only comparable with one another when tho influ- 
onco of tho gauge length is eliminated. 

From Fig. 82 it will bo soon that tho tenacity is uninflu- 
enced by the gauge length until it is shortetx'd to about 1| 
inchos, equal to about diaraoters. T’horofore, for tho mati'rial 
of tho experiment, tost pieces 4 dianu'ters hetwoen shouhhsrs woidd 
furnish comparable values of the tenacity. 
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Ductility. — ^Ductility is usually measured by the percentage 
elongation of the gauge length. 

The elongation between the shoulders of the 5-inch test piece 
is 30 per cent. The elongation between the shoulders of the 
^-inch test piece is 75 per cent. That is, one and the same material 
appears to vary in ductility between 30 per cent, and 75 per cent. 

From Fig. 82 it will be seen that no part of the percentage 
elongation curve is parallel to the axis, and therefore the percent- 
age elongation is always influenced by the gauge length. There- 
fore with test pieces of constant diameter the percentage elonga- 
tion depends upon the gauge length. Ductilities of different 



Fig. 82. — Tenacity, Percentage, Elongation, and Contraction of Area plotted 

against Gauge Length. 

materials, therefore, cannot in general be compared by comparing 
tabulated figures of percentage elongation. 

The percentage contraction of area is plotted in Pig. 82, and 
it appears to come under the influence of the gauge length at 
about the same point as the tenacity. Contraction of area, 
expressed as a percentage, may be expected therefore to be 
constant for the same material until the gauge length is shortened 
to 2| diameters. As shortening proceeds the percentage con- 
traction diminishes. It appears to be about 62 per cent, up to a 
gauge length of 1| inches and then rapidly drops to 15 per cent, 
as the gauge length shortens to J-inch. 

Summarizing, gauge length always influences the percentage 
elongation, but does not sensibly influence the tenacity or the per- 
centage reduction of area until it is reduced below a certain limit. 
IFor the material used in these experiments the limit is 2| diameters. 
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46 . Form of Test Piece. Th<' bewt form of tt^wt piinu* to uho 
with tho loiul-i'xtcnaiou iuntrumoiit ia illuatratod iit A (Fijj'. 83). 
The gauge lougth ia dofiiual by flang('a turuod ou the ic^at pit'co 
itaolf. Ah tlio load ia iiuToaaod and ('xtenaion proccHula tlu'Ho 
flangcH move apart without tl>('maoIv('a aulToriug diatortion or 
undorgoiag atroas. 'I’licy roinaiu at right -atiglca to tlio axia of (bo 
bar. Thia iuiuuiuity from diatortion baa boon tcat(«l oxpc'ri- 
imuitally by coin])ariiig tbo value of the olaatio iiiodulua dorivod 
from a flanged teat piece with the ('laalh) modulua derivt'd frt)m 
a teat piece on which the gauge length waa (b'fiiuHl by dota. Any 
difh^renco waa within tlie limit of ex{)eritn<>utal (nxetr. Dr. Coker 
alao teated the diatribution of atreaH in the body of the bar pro- 
duced by the flangea by hia w('ll known optie.al nudbod. 'I'lie 
xylonite t('at piece inducted that there waa no atn-aa in the llatigea 
themaedvea and that tluur effect on the body of tlie bar ia to 
])roduce a very local but atrictly Hymnu»trieal modilioation of the 
atreHH,Hothat aa load ia inereaacMl and the teat piece atretohea, the 
pull at the root of the flange upwarda ia equal to the pull at the 
root of tb(» flange downwarda, ao that tluxe ia no t('ndeucy to 
diatort tb<^ flang<u 'I'lie modification of the atri'aa producnnl by 
the flangc'H, beaidt'a being aymmetrieal, ia alight, and tlu'refore it 
haa negligible influenoe on the extenaion between the flangea and 
therefore on the olaatio modulua E. 

A flang('(l teat piece therefore givea correctly the exUmaion 
of the gauge hmgth defined by the flangea. 

A plain bar with the equivalent of a flange clipped on may 
equally bo tiaed for olaatio teating. 'The looac flange ia ahapi'd 
like a horaeahoe, and three atecd-pointed acrewa paaa radially 
through the flange and clip it to the bar. '^rhe acrewa are tigh timed 
againat the elasticity of the horat'ahoo, and ao the horaeahoe ia 
held fixed and aa part of the tt'at piece aa (.he idaat.ic tt>at proceeda, 

Flangea turmal on the teat piece ans however, preferable, 
notwithstanding that, although wif.hout influenci' in an elaatic 
teat, tliey have a definite infhu'iice on the idtimaf <>xf.<'nsion of 
the gauge length. The body of the bar ia hampered by ( he flangea 
in ita plastic lateral contraction, and thia j)reven(H fr(*e ('xti'iiaion 
just in the ri^gion of the flangea. A aisriea of comparaf ive ti'ata on 
mild flteol showed that a flanged teat pioc(» ('xtenda about 3 per 
cent, leas than a plain one when the gauge length ia 5 inclu^a and 
equal to about 8 diametera. Fig. 84 shows the load-exf enaion 
diagrama from the soriea of teat piecea illustrated "all turned 
from mild ateid. 

'The ahouldored test piece seen at C (Fig. 83) is useful, eapeci- 
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ally for short test pieces, but should not be used if the extension 
is to be multiplied very much. The shoulders distort slightly 
into a lenticular shape as the piece is stretched, so that the distance 
between them is slightly in excess of the extension of the primitive 
gauge length which they defined. The error is quite immaterial 
for ordinary testing, but is serious if an elastic measurement is 
to be made. The value of E derived from such a measurement 
would be lower than the true value. 

When the gauge length is defined by centre dots on a plain 
bar, and the piece is to be broken, clips have to be used, each 
carrying a pair of pointed screws which are driven into the dia- 
metrically opposite centre dots defining each end of the gauge 
length. Clips for a no-load to break test are shown mounted on 
the test piece at B (Fig, 83). The pointed gauge screws must 
continue to grip the test piece as its diameter contracts under 
load, and the points must therefore be spring-loaded. 

The practical disadvantages of clips are that the points cannot 
satisfactorily be driven into the hard steels which have to be 
tested nowadays, and that they slip during the test when the 
metal is soft, because the centre dots elongate ; and further, the 
shock of fracture often breaks the points. For elastic testing the 
friction which the points produce is against accurate work. The 
only advantage of the clip is that the extension is measured on a 
central part of the bar of uniform diameter, uninfluenced by the 
flanges in any way. This advantage ceases to have value if the 
test pieces are made similar in form. Many difficulties of auto- 
matic testing disappear when the pointed screw disappears. 

47. Ductility and the Principle of Similarity. — As 
mentioned above, comparison of the strength of different 
materials is made by comparing their tenacities as derived from 
tensile tests, it being understood that the gauge length is long 
enough to exclude end effects. 

Comparison of the ductility of different materials cannot 
in general be made by merely comparing their percentage elonga- 
tions. The statement of percentage elongation must be accom- 
panied by a statement of the gauge length on which it was 
measured and on the proportion of gauge length to cross-section. 
It will be recalled that no part of the percentage elongation — 
gauge length ” curve (Fig. 82) is parallel to the axis, differing 
markedly in this respect to the tenacity curve, which, as mentioned 
above, is independent of local contraction, and of the end-flow, 
when the gauge length exceeds a definite number of diameters of 
the cross-section. But when the test pieces are similar m forrq 
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tho Principlo of Similarity aj)pIioH to ductilo matt'rialH, and ooiu- 
pariaon of ductility can Ix' made l)y comparing jx^rcentago ('longa- 
tions. 

Tho Principle of Similarity, whit^h iti its rt-latiou to tho 
toHting of matorialH in known ax Rarba h ‘ Law, may be* Htat.od aw 
follows - 

Goomotrically similar tost i)iocos of difb'ront sizes d<»form 
similarly and arc goonu'trictally similar aft(*r (h'formation. 



Kid. an. » of HiiniUr Hiiph. AnuiMUiHl froio V, 

CiirlHm 0*15(1 |Hsr wnt. 



Loa<l«D5ct'C'nHi<m, 1 liagmtiiM. 



Om tcHt pi(^co in ** Himilar ” to a Hoctoiul tc'Ht pivvAs wlmi all 
itH (limoriHionH arc tho namo multiplo or fract ion of tho (linH^nHionn 
of tho H(x?on(l toHt |)ioco. 

In praatic<^ tho ('udn of th(^ tont pit'oc'H inuHt hc^ nnulo of 0(ni“ 
stant (linionHionB to fit tho nookotn or grijw, hut in a propoiiy 

* HiiHiHlanucMluH MfOuriimx. Ktuclo Hur Ioh allungc'iiiunts dun ui/^t4UiX 
aprdn rupiuru/’ MSmoirndv Ut ikn inf/inimm Civih, IHHU. I, p, (IH2. 
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designed test piece the j)artH in the sockets )ir(» so far nitnovcul 
from the gauge length that the ofEoot on the Ilow of metal is 
negligible. 

The principle of similarity, its validity, and its utility are 
illustrated and tcHte.d in .Eigs. 85, 80, and 87. The mate^rial is 
mild steel. A bar was annealed, and then the test j)ioc<'H shown 
in Eig. 85 were ma<le. I’ho gauges length is in all of l.hem 8 times 
the diameter. The diameter of the smallest tost piece was i inch ; 
of th<» larg<5st, i iimh. Strict similarity is d(»parted from only 
in the flanges and emds. ’’.rhe flanges were of constant dimen- 
sions, 1 inch diameter and /o incli thick. The eivds were all 
screwed 1 inch Whitworth. I'ho tost pieces are ranged toge- 
ther to show that lines through the corrosi>onding dimensions 
radiate to a point, a simi)Io tost of the similarity in form re- 
quired by the principle. 

The corresponding load-extension diagrams are seen in Fig. 80, 
They differ widely in form, but only by about 3 per cent, in 
the percentage elongation. The loael-extensiem eliagraras are) 
re)eluooel to “ stress extemsion per cent.” eliagrams in Fig. 87. '!rhe) 
eliagrams of Fig. 87 shoulel be coincielemt if the material we)re 
uniform in quality. 

The tejst pieces were turnoel from a bar about Ij- inch diameter. 
The snuillewt fiewt ])iee!e th(re)fe)re re)pre)sents the epiality of the) core 
of the bar. It is we)ll known that there is a variation e)f quality 
in re)lled bars fre)m the) eie'iitre outwards. The e)e>rni)lete) figure's e)f 
tlu'se) te'sts slie'w (hat from the ce'ntre) outwarels the're is a greielual 
eh'orease e)f elue)tilil.y eis nmasure'el by the) perce'nliige) e'le'Ugatie'H, 
anel by the ce)ntractie)u e)f areee. 'riie nu'im figures e)f the teest 
fire given in the fe)llowing table : - 


TAIU.H 


niiiH 

af 


HfMhK’l.iori 

'rutw HfjtiHro ifidh. 


Pitn’o. 

lOlongatuifi, 

(»f 

Yuild. 

Ti>iiiuM(y. 



jHM- <Tnrl. 

Fnwfturo. 

.1 

in. 

;n-25 

04 

20-9 


57-5 


in. 


(i4 

20-92 

2K-S2 

57*7 


in. 

29-12 

01-5 

21-4 

2s-i»;) 

5-1*7 

i 

in. 

29-20 

00- 1 

21*27 

21) -(17 

54-1 

1 

in. 

28-05 

57-95 

22*09 

21t-(i7 

59-95 


If the material we)re e)f unifeerm quality threnigheuil., anel iweiming 
the IVinclple e)f Similarity to apply ace!ura(.e)ly, the'ti the) percent- 
age oloxxgation woulel bo the same) re'geirelle'ss e)f tlie elilTere'nce) in 
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the size of the test pieces. The gradual change in the percentage 
reduction of area shows that the quality of the material is not 
uniform throughout. It is changing from the centre outwards. 
It is safe to conclude, therefore, that the Principle of Similarity 
applies within the limits of the variation in quality of the material, 
and therefore that it is of great utility in practical testing. 

The Principle of Similarity is easily applied when the test bars 
are turned. It is not so easy to apply it generally, because the 
cross-sections of test pieces vary in shape, and for similarity only 
one form of cross-section is admissible. An approach to the prin- 
ciple is made by makmg the gauge length a multiple of the square 
root of the area of the test piece. 

A standard proportion which has been used in many labora- 
tories is a gauge length of 20 units and an area 3-1416 square 
units. No account is taken of the form of the section. It may 
be circular or rectangular. The gauge length to be marked off 
on the test piece or otherwise defined is then calculated from 


L : VA = 20 : a/3-1416 . . . . (1) 

In this expression L is the gauge length in inches, and A is the 
area of the cross-section of the test piece in square inches. The 
expression reduces to 

L = 11-3 VA (2) 


If the bar is circular in form and its diameter is d inches, (2) 
becomes 

L = lOcZ. 

It may not be possible to get material long enough to make test 
pieces to give a gauge length of 10 diameters. 

Then a suitable standard form may be defined for any par- 
ticular research and the test pieces are made in scale sizes of it. 
If the form of the cross-section is kept constant, the Principle of 
Similarity is strictly observed. If the cross-section of the test 
pieces varies in form, then a near approach is made to the prin- 
ciple by making the gauge length proportional to the square root 
of the area of the cross-section. 

48. Ductility measured by the Percentage Extension 
produced by the Maximum Load. — ^After the yield-point has 
been passed the plastic extension proceeds uniformly along the 
bar as the load increases to its maximum value. This is not 
strictly true, but it is substantially true. Therefore on a plain bar 
each inch extends by the same amount, and the percentage 
extension is the same, whether it is reckoned from 1 inch or from, 
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any number of incbes within the gauge length, or from the whole 
gauge length. The ductility calculated from the extension pro- 
duced by the maximum load is thus comparable with the ductility 
similarly calculated from another material. 

The flanges of the test piece introduce a slight error in the 
uniformity of extension, but it is inconsiderable in comparison 
with the effect of the local extension. The ductility calculated 
from the extension produced by the maximum load on a flanged 
test piece thus provides a good figure of comparison. 

The extension corresponding to the maximum load is measured 
from the load-extension diagram. The process is to draw a 
horizontal tangent to the load-extension curve and then to project 
the point of contact to the horizontal scale. The reading on the 
scale is the extension required. This measurement excludes the 
local contraction. It is, in fact, the extension just before the metal 
begins to flow to a waist. 

49. Approximate Expression for the Extension. — The 
total extension e of a gauge length L on a plain bar may with fair 
accuracy be represented by the empirical expression 

e = a + 6L. 

It is here assumed that extension proceeds uniformly until local 
contraction begins and then continues locally until the test piece 
breaks. The uniform extension of b inches per inch contributes 
the amount 6L inches to the whole extension. The local exten- 
sion is independent of the gauge length and contributes the 
amount a. The constant a may be regarded as including the 
slight local effect of the flanges where a flanged test piece is 
used. 

Theoretically two tests are necessary and sufficient to find the 
constants a and b for a given material. The test piece is marked 
off in equal intervals, say in half-inches. The usual practice is to 
start from the interval, including the fracture, and then reckon 
each way and so find an extension e of a gauge length L with the 
fracture at its centre. 

From two measurements of this kind on different gauge lengths 
a pair of simultaneous equations may be formed with different 
values of e and L from which the values of a and b can be calcu- 
lated, or several measurements may be made from the bar, 
and then the method of least squares applied to find the most 
probable values of a and b. 

Dividing the expression e by the length L, and multiplying by 
100, the corresponding expression for the percentage extension 
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of a gauge length L is found in terms of two constants A and B, 
thus : — 


lOOe 

IT 


lOOa 

“IT 


+ 1006 = A + B 
L 


. • ( 2 ) 


It is clear from this expression that the percentage extension 
is expressed by a different number according to the gauge length 
taken. The expression, though not strictly accurate, has been 
tested by experimental evidence, and the constants A and B have 
been tabulated for various kinds of materials.^ 


^ “ Tensile Tests of Mild Steel and the Relation of Elongation to the 
Size of the Test Piece.” Dr. W. C. Unwin, Proc. Inst (7. E., Part I, 
Vol. 155, 1903-4. 



CHAPTER IV 



THE INNER STRUCTURE OF METALS 

50. The Block Structure. — The illustrations of inner 
structure distributed through Chapter II show that metal is 
built of separate blocks. Each of these blocks is itself a crystal. 
These crystal blocks are sometimes called crystallites. The 
blocks differ in shape and in size, but generally the shape may be 
described as polyhedral. Marked contrast in shape is seen by 
comparing the structure of a metal built of polyhedral blocks, 
like manufactured iron and steel, with the structure of pig iron 
(Pig. Ill), where black blocks shaped like fir trees are seen to 
occupy the centre of the field. Under a higher magnification, 
however, these black fir trees are seen to be themselves built of 
pearlite blocks. The fir tree was the shape of the first crystal 
growth taking place as the metal solidified. The pearlite structure 
seen in Pig. 114 is that into which the fir tree builds itself as 
it cools to the ordinary temperature. The fir-tree shape is the 
ghost of a vanished single crystal. 

The angles of the blocks may be sharp and acute, as in phosphor 
bronze (Pig. 77), or blunt and obtuse as in manufactured iron 
(Pig. 23), or filamental as in brass (Pig. 66). The shape of the 
blocks, their size, in fact the whole kind of structure, depends 
upon the manufacturing process which has produced the metal, 
and particularly upon the heat treatment through which the 
metal has passed. Por example, the blocks in the mild steel 
(Pig. 44) are of enormous size compared with the blocks found in 
steel manufactured by a normal process. This large block size 
was produced by keeping the metal at about 1200° C. for a long 
time, and then cooling gradually. The same metal builds itself 
into the quite different structure seen in Pig. 47, after the following 
heat treatment : heat to and maintain at 880° C. for thirty 
minutes, and quench in water, and then reheat to and maintain 
at 660° C. for two hours, and cool slowly. 

Notwithstanding the varieties in shape and block size seen 
in Chapter II, the physical properties of metal may change 
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widely without producing a change in the blexik Htructuro, 
which, after polishing and etching, can bo soon in a microscope. 
That is to say, the strength and condition of a metal cimnot bo 
deduced from its inner structure alone, although the inner 
structure in some conditions gives valuable information of 
present state and previous history, especially as regards heat 
treatment. 

51. The Structure of the Blocks themselves. — Each 
block is a crystal built from atomic bricks laid iir regular courses. 
When molten metal falls to its solidifying temperature, block 
growth starts from innumerable points or nuclei distributed 
through the liquid. Each block grows or crystallizes in the 
system peculiar to the metal and to the temperature. But the 
orientation of the crystalline axes is not the same from block to 
bloclc. When block growth starts, the directions of growth, 
that is, tho directions of the crystalline axes centred in the 
nucleus, seem to bo determined by influences whicli act in a 
haphazard manner. Looking at a structure which has solidified 
from a molten metal there is nothing to indicate tho directions 
of tho crystalline axes from bhxik to block, except in such definite 
formations as are scon in the fir-tree crystals of pig iron. lOvcin 
when these indications can bo soon there is still nothing to indiciato 
what determined tho primitive axial direction of growth. Jt 
requires careful etching to bring out tho regular cotirsod s(,ru(!turo 
of a block. It also requires much patience. There is an indication 
of regular coursed structure in Figs. 71, 72 and 73. Tho eteshing 
process has tlurown up markings which, examiiuMl under a high 
power, 633 diameters, reveals a coursed structure of rectangular 
blocks, the largest of which measures about 1/70,000 of an iiuth 
square. This is not a single atomic element, but is probably 
an indication of a cubical group of atomic elements, '^rhesc* 
cubical groups are ranged in parallel directions. Tho bhxik in 
which they are seen measures about 1/100 of an inch by 1/300 
of an inch. 

Tho growth of a crystal block is ultimately arrested in all 
directions by its growing neighbours butting into it. Tho final 
shape of the crystal is therefore irregular. The liquid nu'tal 
on which the growing crystals food is gradually reduccul until 
finally it becomes a thin, film-like network trapped between the 
walls of the solid crystals. A layer of unincorporated atoms 
may be imagined condensed from the residue of the liquid, and 
held in equilibrium between tho walls by tho attractive forces 
from crystals competing to build them into their own structure. 
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52. Crystalline and Amorphous Material. — ^Atomic ma- 
terial unincorporated into a crystal block is called amorphous 
material. Seen in the microscope it is non-crystalline, formless, 
and structureless. Liquid metal is amorphous. Solid metal 
may be described as crystal blocks separated by thin layers of 
amorphous material. Metal solidifying from the liquid crystal- 
lizes with extreme rapidity. The most rapid cooling fails to 
prevent crystallization. The rate of cooling has a profound 
influence on the size and even on the kind of crystal block. Slow 
cooling produces a coarse structure, rapid cooling a finer structure ; 
but whatever the structure may look like it is built of crystal 
blocks. 

Cold- working a metal, like hammering it, or rolling it, or wire- 
drawing it, or stamping it, reduces part of the crystal structure 
to amorphous material. The crystal blocks themselves become 
distorted, slip-bands develop along the crystalline interfaces, and 
crystal debris and amorphous material are produced through the 
metal. But this amorphous material and crystal debris recrystal- 
lize into a normal structure when the metal is heated to a suitable 
temperature. This process of recrystalhzation is the key to the 
annealing processes and the heat treatment of metals used by the 
engineer. 

Amorphous material is harder and stronger than crystalline 
material. The hardening of metal by overstraining it, that is by 
cold- working it, is regarded as due to the production of amorphous 
material at the expense of the crystalline material. The term 
amorphous cement is used by metallurgists to describe the 
thin layers of amorphous material left between the crystal 
blocks at the end of the solidifying process. 


80 STRENGTH AND STRUCTURE OF METALS 

53. Permanence of the Crystalline Structure.-— However 
severely a metal is cokLworkcd it is impossible to reduce the 
crystals entirely to amorphous material. The crystal blocks of 
a metal are not destroyed oven when the metal is stretched to 
fracture. They are- elongated, and no doubt amorphous material 
is produced along planes where relative motion takes place ; but 
the microscope reveals mainly distorted blocks and markings on 
them which indicate pianos along which slipping has taken place. 
Two photographs are shown on Idato XXVII. Fig. 88 is 
reproduced from. Fig. 19. It shows the inner structure of 
a Swedish iron test piece in its normal condition. Fig. 89 
shows the inner structure of the same test piece at the fracture. 
The polyhedral bloclcs of the normal structure have become 
elongated, but they have not been destroyed. 

Sir George Boilby ^ gives intciresting illustrations of the 
persistence of crystalline structure in severely cold-worked 
metal. A gold wire, cold-drawn to 18 J times its original 
length, showed on an etched and polished longitudinal 
section much amorphous material, but, notwithstanding tlu^ 
severe cold-working, debris of the original crystal-block 
structure persisted, especially along the core. 

A gold loaf hammered into a thin film, and then floated on the 
surface of cyanide of potassium, was changed into a crystal 
skeleton, the amorphous material being dissolved in the liquid. 
Even cold-working so severe that hardlya molecule in the slaructuro 
could have escaped failed to entirely reduce the crystal to the 
amorphous state. 

54. Recrystallization. Annealing.— -Cold- working leavcss 
a metal in a state of inner strain and with its normal crystal- 
block structure partly disintegrated into amorphous material. 
The deformed crystals liave within their own crystal structure 
pianos of slip along which amorphous matorhil has been reduced, 
and in this amorphous material crystal debris may be embedded. 

But metal possesses the power of roorystallization in the solid 
at temperatmros far below the melting-point of the metal, and 
therefore it is not necessary to remolt a metal in order to ro- 
crystallizo it. It is only necessary to raise it to a suitable 
temperature and thwi to keep it at that temperature long enough 
to allow the crystallizing process to complete itself. 

When the overstrained metal reaches the reorystallizing 
temperature the broken fragments of the crystalline blocks and 

^ “ Hard and Soft State of Metals.” Proc. lioy. Boo., Vol 79, Series A, 
1907, p. 406. 



PLATE XXVn. 


SWEDISH IRON 


To Jure. /». HO, 



HH.' Socl.idii <if lIimCniiiuKl MiUktIiiI. X 



Klf). Hit. - Ij(iiigii,u(luui,l umir Uio Kru(!tiir<i of a 'r«Hti I’icKwn. 



Fig. 91. — Crovs-n of a Bra.ss Cap Te~i Pk-t r Fig. 92. — Cvlindric-al Part of a Brass Cap Fig. 93. — Result of Maintaining Test Piece B 

cut at A iFiE. eoi. : 120. Test Piece cut at B {Fig. 90). ■; 120. at 550- C. for 30 minutes. 1-0. 





INNER STRUCTURE OE METALS 8l 

other nuclei begin to grow into crystal blocks, iacorporating the 
amorphous material produced by overstraiu idto themselves, and 
at the end of the process a normal crystal-block structure is 
reproduced, together with the normal elastic state of the metal. 
The hardness produced by overstrain has gone and normal 
material is produced/ 

It has been mentioned above that the elastic property of 
iron and mild steel is quickly recovered even by heating to 
100° 0. This restoration of elastic property corresponds with an 
inner process of recrystallization. This is a 
general property of metals. An example 
may be given. The -brass cap sketched in 
Eig. 90 was stamped from a thin flat sheet 
of 70-30 brass. The process necessitates 
severe cold-working of the cylin^ical skirt 
without however materially cold-workiug 
the crown. 

The inner structure of the crown should therefore show a 
normal structure, whilst the inner structure of the skirt might 
be expected to show the peculiarities of overstrained material. 

Eig. 91 shows the iimer structure of a specimen cut frdm the 
crown at A. It is quite normal. Fig. 92 shows the inner structure 
of a specimen cut from the skirt at B. It is seen to be severely 
overstrained. The crystal blocks are elongated, and slip-bands 
are seen in all directions. 'Any further cold- working would 
probably split the material. 

Fig. 93 shows the inner structure of the specimen cut from 
B, after maintaining it at a temperature of 550° C. for thirty 
minutes. The deformed crystals and the crystal debris have re- 
crystallized into a normal structure. Cold- working can now be 
continued on the skirt if necessary. In fact, cold- working alter- 
nating with recrystallization can go on until the metal is reduced 
to any thinness desired. 

In the Fourth Report of the Alloys Research Committee, (Proc. 
Inst. Mech. E., February, 1897, p. 71), Sir William Anderson 
gives particulars of the process of manufacturing a brass cartridge 
case for 6-inch gun ammunition. A brass disc 12 J inches dia- 
meter and I inch thick is transformed into a thin cylinder about 
14 inches long and 6 inches diameter, with a thickbase, by pressing 
and drawing operations alternating with recrystallizing processes. 
The material was composed of 70 per cent.' copper and 30 per 
cent. zinc. ‘ •' / 

Referring to Figs. 76 and 77, showing respectively the inner 

n 
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BtruoturoH of gun motal and pluwphor hronzo, ib will now bo 
rocogniisod that each hIiowh ovtu'Htrainod mat<'rial. The tost 
pieces wore out from bars linished to size by cold-working and 
not afttirwards annealed, l<'ig. 04 shows the change of inner 
structure produced by rc'erystallization of thti gun metal at 
(k, aiwl Eig. Of) the change of inner structure pnxlueed by 
reerystallization of the ]>hoKphor bronze at fino” (J. 

Sir (Jeorge Beilhy, in the lecture nuuitioncd above, <leHcril)(‘H 
Bom(J iut('rtisting (experiments correlating recrystallization with 
nuechauical propcerty. As nmntioiK'd above, the object of the 
experiments was to transform the crystal- block structure entirely 
into the amorphous state by the severe cold-work done by wire- 
drawing. 'This coidd not be done, but the experiments lead the 
way to others of grcyit int(srest. The cold-work done on a gold 
wire hardened it greatly, and its iniu^r crystalline structure was 
(h'fornuxl and coJisiderably brokcui down to amorphous material. 
'^Test lengths w<'ro cut from the ovc'rstraincd wire and were 
amu'akxl at dilh'rc'ut t('mp('ratur('H. 

'I'lie “ mechanical stability,” to use* Sir (hH)rgc Beilhy’s term, 
of t he imu'r structure was m<'asured by the load required to pro- 
duce 1 per cent, extension on t he gauge hmgth of a test piece, 

'riui ovc'rstrained gold-wire t(tst pi('cc stretched ()•,'} per cent, 
and tlum stopped stretching under a (haul load of 12 lb., corre- 
sponding to a st ress of 14-(5 tons per 8(iuare inch ; 12 lb. produc<xl 
('xactly the same extension on the tost wire annealed at 30°, 
on the wire annealed at 100®, and on the wire anmuxlod at 
200® (!., showing that annealing at those temperaturoH had not 
(shimgcd the nuHihanical stability of the inner structure. But 
there was a change in the wire annealed at 280® ( 1. A load of 
1 1 lb. was Huflicumt to stretch it 1 per cent., and the microscopio 
examinatum of the structure reveak'd that n'crystallization of 
the metal had just begun. The wire annealed at 356® 0. stretched 
1 per cent, under a load of only 4 lb., e.orresponding to 4'3f5 tons 
])or square iiudn 'I’he infereneo from theses ((xperiments is that 
the pliysical ])ropert.i('s corresponding to the normal structure 
of crystal blocks are reproduced from tins hardemed state, where 
these physical propewties are dilTcrcuit, by a n^growth of the 
crystal blocks in tlio Holid at a temperature not below 280® C. 

It is now possible to difitinguish betwtx'n the terms annealing 
and recrystalUzing. Ann(’ialing is merely tlx' procciss of 
maintaining motal at a ddinite temperature for a definite time. 
'This prue(‘MH howevc'r acw.omplishes nothing oxcept the roli(tf of 
internal stressc's unless the ternperat.ure is maintained above a 




Fig. 95. — Phosphor Bronze, x 120. 
Becrystallized at 550°' C. from the Structure of Fig. 77. 
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certain value. Then the annealing process becomes a process 
of recrystallizatibn. 

A question of great practical importance arises immediately. 
What is the temperature at which an overstrained metal will 
begin to recrystallize. There is no definite answer to this ques- 
tion. The effect of a given temperature upon a given material 
depends upon the time during which the material is maintained 
at that temperature. It also depends upon the degree of de- 
struction done to the crystal blocks by the cold-working. The 
size to which the blocks grow depends upon temperature and 
time and previous disintegration. The subject has been treated 
at length by Mr. Zay Jeffries in a paper in the Journal of the 
Institute of Metals, No. 2, Vol. 20, 1918. Reference may also be 
made to a paper in the same journal by Dr. Hanson entitled 
‘‘Rapid Recrystallization in Deformed Non-ferrous Metals.’’ 

The general conclusion is that if a metal be strained, and then 
heated, large crystals form ^t points distant from the point of 
greatest strain. 

Professor Carpenter describes a process in Proc. Roy. Soc. 
Vol. 100, Series A, 1921, by means of which an aluminium test 
piece, either in plate or bar form, is transformed from its normal 
multi-crystal structure into a single crystal. The amorphous 
network surrounding and connecting the crystal blocks is elimin- 
ated from the structure. Let us consider in more detail the 
process Professor Carpenter applied to test pieces cut from a 
plate. Each piece was 1 inch wide and 0*125 inch thick, with 
enlarged ends, so that a length of 4 inches of the central part was, 
in volume, | of a cubic inch. 

First, each test piece was heated to 550° C. for six hours. 
This produced about 150 uniform equi-axed crystals per linear 
inch, corresponding to 1,687,000 in a length of 4 inches. Next, 
a load of 0*3 tons was applied to each test piece. This load 
produced a stress of 2*4 tons per square inch and an elongation 
of an average value of 1*6 per cent, reckoned on 3 inches. Finally 
each test piece was placed in a furnace heated to 450° 0. and the 
temperature was raised 15° to 20° per day up to 550° C., after 
which the temperature was maintained at 600° C. for one hour. 

On the average this process converted the 1,687,000 crystals 
in the length of 4 inches into a single crystal in one test piece out 
of four. The tensile strength of this single crystal test piece 
varied from 2*8 to 4*08 tons per square inch. The extension 
varied from 34 to 86 per cent., reckoned on 3 inches. The multi- 
crystal test pieces, after 6 hours heating at 550°, gave tensile 
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Btri^ngtli from 4*5 to 4*7 toiiH pt^r Hquaro iricli, with from 30 to 
38 por aoiit. oxtouKion on 3 iiicIioH. 

The conditiou laid down for trarmforiuation of a multi- 
cryntal picK^o of motal into a cryntal in that cwory C 4 *yHtal 

nhall h(^ ntrainod a nmall amount, l)ut that onc^ of thorn nhall bo 
Htrainc'd mon^ than all tluis ront* 131(41, on Buitablo heating, 
(^ryntal growt h Ix'giim in th(^ n^gion of maxitumn Btrc^HH and may 
finally nmili in a nuiglo oryntaL Barn wcvre traiinfornuHl into 
ningh^ eryntalH by a nimilar prooxw. ’'fhc^ ]iap(^r entitlcxi ** The 
IVoduction of Singhs (VyntalH of Aluminium and their TcvriHilo 
FropcxIioH ^ in a nnuird of a nnnarkable mx’mn of nwarchc^H. 
The rtwultH have a bearing on the load-t'xteuHion recjordn and 
will 1 k^ r(4(4T(Ml to again below. 

55. Ohniifie of Inner Structure. Allotropic Modifica- 
tlouB of Iron. Pure nudalH ordinarily eryHtallize from the 
liquid and <uh)I down without <‘hang(^ in tlunr immr Rtnudure. But 
Honu^ pun^ nud aln (diangc' tlu'ir inn<*r st ruetun^ at ddinite temjKvra- 
tun^H during th(^ eooling proex^HH. Iron is a medal of tluR kind. 

Aft (4* eryHtalli/.ation from the' liepiid at inof/’ (I., ironehangOH 
itH imu'r ntrueture^ an it pasnesM t hrough the^ tennpcTaturo 90(f^ (I, 
and again an it paHHi'H througli 70H‘^ (t 13i(^ reve'rno in true. 
Heated, it ehangea ntruedure^ an it paHHca througli 708'* (k, and 
again an it panHe^H through 90(f’ What in called alpha**iron in 
tlie iron Htrueture ntable up to 708^^ (j. It in tlie Btruoturo Been 
in the microBcope. lieta-iron in tlie iron cryntalline Btruoturo 
Htalde between 7(i8® (J. and (J. (Jamma-iron ih the iron 
eryntalline Btruoturo Btable bedwexm 900^* (k and 1506^^ (k, the 
melting point.^ 

The texnuK alpha-iron, b(d.a-iron, gamma-iron Henwe, an it 
we^re, to dedine t he limitH of climate in whicli e^udi partie.idar 
kind of iron can exint. 

DifTe^remeui of inne'r Htruedure eorr(‘HpondH with dilTewneu’i of 
phynieud property, (tamma iron can dinHolve^ a Iimit(‘d amount 
of (carbon in it, forming with carbon aHoIid Hohit ion, an it Lscallexl ; 
that iH to say, if at any two pointH in the^ Hobd medal, Bample^H 
are taken, them tlu're would lie ('(jual numbe'rH of carbon atomn 
dintributeHl through equal numberH of iron atomn, and the^ diH- 
iribution of emeh would lie uniform. For (examples a cubicj milli- 

^ By H. (t H. (tirpcnte^r and (^aiwtancc F, Blairi. Proc,, /^aS',, 

A, Vtil, iX 1922. 

^ Baccxitly adidtii kirm hiw btaaukmuded at 142rP(1. by X-ray analyHW. 
HriMi. pafK^r cntiiknl X-ray Htudie'H on tlui (‘ryatal Htru(damM>f Steied/* 
by We'HfKrou Idiragmon. Jotmud uj thn Iron and SPri lmtUuU% 
No. b 1X22, 
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metre taken anywhere from a Holid Holution would contain equal 
numbers of carbon atoms and e(iual numbers of iron atoms 
uniformly distributod. The gre^att^st ja-oportion of carbon atoms 
whicli gammadron can hold in solid solution is 1*8 per cout. 

Alpha-iron cannot dissolve carbon in this way. It is gtmerally 
agreed that bedn-iron lias not the samepowcT of dissolving carbon 
that gamma-iron has, and it is a matter of controvc^rsy whether 
it can dissolve it at all. 

By far the strangc^st change in physical prop(ud.y occurs when 
beta-iron changes into alpha-iron or vice versa. Beda-iron, 
that is, iron abovc^ 768^^ (1, is not suscr'ptible to magnetism. Alpha- 
iron can I)(^ magnetized until its temperature reac.hes 708^^ 0. 
and it passers into beda-iron. Thc^se diflerent kinds of iron arc 
called allotropic modifications of iron. 

Other pure metals show allotropic modificationH, as, for exam- 
ple, antimony and tin ; and allotropic modifications of oxygon and 
sulphur fire w(vll known. Probably the best known of all is the 
allotropic modificat.ion of carbon in the forms graphite and 
diamond. Both graphite and diamond are identicfil in chcunical 
composition, but are difTereut in tludr inuer structure and are 
vastly different in their physic^al propendk^s. 

'’.riie temperatur(^H at which th(^ imu'r structiin^ of iron changers 
liavo re(5(dv(Hl idontilication hdterH. During the pro(*.eHS of lioat- 
ing, A (^2 stands for tlio temperaturcuit which al])hadr<)n. cliangos to 
bed^a-iron ; and Aca stands for tlu*) U^mix'ratureat which beta-iron 
ehangf^H f.o gammu' iron. Conversedy, on (tooling Ar.) stands for 
the Duupcsrature at which gammadron eha.iig(’!H to beta-iron, and 
Ar^ for the tempe^raturo at whicdi beta- iron changers to alpha-iron. 

If the luxating and (U)oling in’ocesscss fire carri(‘.d out slowly 
enough to give tinu^ for the imua* changers to fully establish 
themsedves, the points Ara and Aca coincide at (1., and the 
points Aca and Ar^ coimvide at 7(18^’ (1. In praciitus c.onverHion 
at (‘a(di point lags Ix^hind tlu^ eaus(% so tiuit Acaand Aca are slightly 
higlua* than Ar^ and At’a. 

In Volume 10 of the Jhillvtin of (he, Jhvrvan of Hlwmhmls^ 
Washington^ 1914, is a paper by (h K. Burge^ss and J. ,1. Crowe, 
entitled ** Critical Banges Ag and Ag of Bure .Iron,” which gives 
exj)erimental ixwults. 

56. Cooling Curves. Recalescence. The fact that solid 
metal changes its inner structure during cooling is ascertained 
by moans of the thermomed^or and with the microscope. 

The structure corresponding to a high temperature is main- 
tained, at any rate in part, by rfipid cooling, so that a rapidly 
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ctcKiltHi HjHHunu^n, poUhIuhI and hIkjwh in ilu^ inic*.r()HC!C)jH\ 

nut ilu^ Htructurc^ corroHjKnuliiiK to tlu^ itniiporaturo at which 
it in cKiuniiicd hut tlic ntriudun^ hc^longiiig to tlu^ tcm|H^raturc 
frortii whicli it wan (jUdicluHl. Hpcciiucui Khcuilcl he nmall tc 

MtHUirc rapid chilling all thniugli and it nhculd he luxated and 
qinnicluHl in a vacutun if p<mHihtc. Dr. |{(jHi»nliain han d(*HcribcHl 
an ingcaiicmH rntdluHl of doing thin in iln^ Jourmtl of ike Irmi and 
AVrrI Vol. I, IDOH, p. H7. 

I'ht^ thermal analynin of a metal in an useful as tlio 
microHec»pic examitiation. Somt^ iiudaln nolidify and cool Hteadity 
to tlu^ ordinary tcunpeu’at urt'. Othern w)Udifv% and it in olmervcHl 
that the nteady fall of temperat ore in arreHt<Hl through partiendar 
rangen of ttnnptn’aiurc^ hy lu'at evthution witlun the metal itnelf. 
'riic^ infenuHH^ in that tfun lu^at ev(^luti<m in the rc^nult of a change 
of inner Htnu’turo, a r(*arrang<*ment of atoniH whh^h involv(‘H the 
r<*jeetion of heat . C ontirniat ion of tln^ infert‘n(*e in obtained hy 
Iht^ miero^^eope on .KpecnmeiiH |irepan*d an mentionc‘d above*. 
!{everi4ng the pro<'**sM, the nteady inercaHc^ of te*m[K*rature on 
heating in Hm^H^efl at the critical rang«‘H hy ttuMihHorptiofi of heat. 

The proct^HM \h anah»gouH to the n^je'ethm <»r ahHorption of 
hittmt heat wlien a litpiid 8(»lidili(*H c»r wlu'n th(' Holid liqiU'fie'H. 
In a Holid metal the change in either dir(‘etion in from one kind 
of Holid Htrueture to another ktiul td wditl Htrueture with heat 
almorhe^d or evolved during the cluuigt^ 

^riie idiaititleation hdtia*M used npcanally with iron and i^tool 
and mentioned alcove, namely Ar and Ac, were invented by 
(kmond Ur nignify arrent of tmnperat.un^ eliangt^ during heat 
evolution or ahHorption. Th<^ capital l(‘tt(*r A Htatidn for arret, 
an arreHi of ntiwly cooling and luxating, Ar (r ndroidiHwnuent) 
HtandH for an arnmt during c’ooling. and Ac. (e^ ehanlTag(0 for an 
arn'Ht during heating. 

The <piantity of ht'ai c^volvc'd during Holidifieation frenn 
li(jtd<l to Holid in grtnder as a rule t ban t In* (|uantity c*volvc*d during 
an inner (change in the solid ntatc*. Steel (U)utaining ahcuit 0*9 
pcT cent, td earl)on, howevt'r, ('volven ho tnueh Iu*at wlum cooling 
tlinmgh the Dntiperaturc^ 72r/’ i\ that it raisc^H the metal to 
momentary incan<h*He('nc(^ if tin* conditionn are suitahle. Thin in 
tin* cidc'hrat t‘d recalt*Ht*enee ('xpe^rinuntt dencribed hy liarreit in the 
Phil. ifnr/,,Vol. 4(1, Seri(‘H IV, 1872, p. 472. Th<H'xp(*riment can ho 
Hlnm^n wit h a Ht(H*l wire containing almut tlie pc^numtagc' of carbon 
mentioncMl ahov(\ Suspend the wire hetweem two supports so 
that* it hangs fr(*<4y like tlu^ chain of a susiHmsion bridge. Heat 
it to incaiuhwuauje hy passing througli it an electric current. 
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Cut the currcmt olt and watch tlio wire in the dark. It cooIh 
from bright rod to hlackncHH, Hliortening an it cooIh, but a few 
iuBtants after it han cooUhI to blackru^HH it Huddonly rcglowB and 
momentarily (^longatcH and them rapidly cook to blacknoBB again. 
Before th(^ rc^glow th(^ .metal wan Jiot BUBceptil)lo to magnetic 
force. Aft(^r tlu^ rt^glow the intcu'ual Btructuro Ib changecl and 
the nu'f-al in KUHcc^ptible to magiudlc force. ''I’hiH nunarkablo 
change’s from the nornmaguctic to the magnetic Btato in accom- 
panie^l by Ju^at evolut.ion in couHiderable quantity. Tlic inner 
Btructuro Ib wholly pearlites an illuBtrated in Fig. 107. 

Data for plotting a cooling curve are obtained from simultan- 
00 UB obnorvationB of tomporature and time made on a Bpocimen 
licated in a furtiaco and then allowed to cool down with the 
furnaces 1\vm])erature iB meaBured with a thermocouple in 
contacjt with the coolitig metal and hi circuit with a mirror 
galvanonu^ter. ''.riio ohne^rvor watch, ob the Bpot of light, focuBcd 
from the galvanometer mirror, on a Bcale and proBBOH the key of 
a chronograph an the npot paHBCB Bolcctcd divkionB of the Bcale. 
The (lefloctionB of thc^ gal vatio mentor are reduced to temperature 
by the coimtant of the iuHtrument and then th(^ data are plotted 
in the tempcTature-tinu^ diagram. ''Fhe curve in Bmootli if the 
Bpeciimm InxB cooIchI without lioat evolution, but if there Ib lieat 
evolution a diHcouiinuity or protuherauce appi^arB in the curve. 
Tht^ nmall ])roiu])(‘ranc<‘B may be made more ])ronounced by 
])lott-ing the nlopc’i of the time.-tcmp(vrature (uirve against the 
tempcH^atun^ an done by OBmond in I8H7. This is called the 
InvorHO Itate (!iirv(\” 

Thin direct method in, how(w(‘r, not BUHccqitible of bringing 
out Bmall (WoIutiouH of heat hucIi an an^ Bought for in a (jooling 
solid, and (W(vn in rccordirig thc^ procoHH of Holidifujation from the 
liepud molt a mor(^ HcmHit-ive nudhod in doBirablo. I'hc^ direct 
nudhod with th(^ potontionu^-c^r and tb(^ dilTcsnmcK^ mtdhod, devined 
by Dr. StanHfic'ld and by Sir liobertH- A uhU’U and (hwiribcnl in the 
Fifth Report of tlu^ Alloyn RoH(^aroh (brnmithns Pror. PuH. Mevh. 
i/., F(^b., 181)1), and in th(^ Phil. Matj., Vol. 4(1, pp. 51) anid 82, 
enable data for a cooling curve from liquid melt to Bolid to bo 
detcrininod with great acKUiracy, and the HmalloHt (solutions of 
heat from a cooling Holid (?an lie (l<*.t(K}t<^d by tlu^ dilfen^nce method. 

In the potcvritiornetc^r m(4/hod tlu^ gn^ater part of the current 
produced in th(^ (circuit by tluntlu^rmocouplo ih balanced by a 
current from a ntandard cell, and this can be accurately measured 
on a pot(mtiomcd.(^r. Only a fraction of the whole cuirent thus 
paBBcs through the galvanometer, bo that it can be adjusted to 
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be sensitive over a small range of temperature. Eig. 96 shows a 
diagram of this type of apparatus as used by Carpenter and 
Keeling in their classical researches on the range of solidification 
of steels of varying carbon content. 



Three to four pounds of the metal under test were melted in 
a crucible E placed in a gas furnace. After melting, the thermo- 
couple was placed in the liquid through the fireclay lid, the 
gas was turned off, and furnace, crucible, and metal cooled 

together. The couples used were 
platinum and platinum-rhodium, 
or platinum and platinum-iridium. 
Temperatures from 1500° C. down 
to about 1000° C. were measured 
with these couples. Part of the 
current was balanced by the poten- 
tiometer. The accumulators A in 
the potentiometer circuit were 
tested from time to time by the 
standard cadmium cells C. K is 
the cold junction kept at 0° 0. 
Adjustments were made so that 
1° 0. change in temperature of the 
metal moved the spot over 8 mm. on the galvanometer scale. 
The range of the galvanometer readings was 27°. The current 
was then balanced on 27° steps by the potentiometer. Eig. 97 
shows a cooling curve plotted from the data observed with this 
apparatus. 



Time 


Fig. 97 . — Cooling Curve during 
Solidification of a Melt of 
0*02 Carbon Steel. 
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The difforoiico method deviHcd by Sir RobortH-AuBten inuBod 
to detecjt the Bmall evolutiouB of heat in a cooling boIuL The 
Bolid-metal tc^Bt ])iec(ii in cool(‘<l vvitii a cornpeiiBaiing iont piece 
made of a matcifial whic^li (5 ooIh nU^adily without heat evolution. 
A theriiioeoupk^ in phuaul in a hole drilled in the rnetal test piece, 
and a Beeond therrnoeouplc’i in placed in a hole drilled in the 
cornpeuBator. iioth coupU^H are inchuh^d in the circuit of a 
BenBitive galvanometer, I)ut connee.tc'd in opponition. The 
deflection of the galvanomcd^er in tluiB pro])ortional to tlu^ difter- 
ence of temperature l)(‘.tw(‘.en metal and comjK^uHator. If both 
cooled togetlu^r at th(^ Bame raU** without heat evolution the 
record would be a ntraight line. In practice, owing to dilferenco 
in Bpecific lu^at and emiHHivity, the liru^ would Ix^ a Bioping one 
without heat evolution from (uther metal, but with h(‘at evolution 



r'K). us. Diagram of Apjaira-Um for m<Ha.Hurii>g IIimUi I'Jvoliil.iou <luriiig Uio 

(’ooliiig of a. Bolid. 


from the medal this nloping Hue would nhow markexl lai-ex'al 
pe>akK and blunter ])r()iul)<u’anc<^H acie.ording to tlu^ Budd(uuu‘HH, 
(|uantity, and ratigc's of teunpe^rahure oven* which heat evolution 
took j)Iace, 

''riu^ luMit evolutiouB are^ made* Htill mon^ protiouncexl if the* 
Blopes of tJie dilhuHaie.e curve in plotttMl against ^.h(^ teunpeu'ature 
of thci m(da,l in tJu^ vvaiy d(wiH(Ml by Roseadiain and d(‘Hcril)(Hl in 
Proc. Phymv(il Hoc., Vol. 21, 1 908, p. I HO, givitig tln^ ‘‘ IhuI vcHl 
Dilferemtial Ourve^.’' 

'‘Fhe temperatures of the (tooling test pi(‘c-(s is measured by an 
ind(s|)endent tliermoc.oupks inserted in a second hole drilled in it 
and conn(‘ct<‘d with a galvanomet(‘r and potesntiometer. Eig. 
98 givesH a diagram of the apparatus as used by (Jarpenter and 
Keeling. The furnace was a porcelain tube, unglaxed, 10 inches 
long and 1 inch diameter, licated electrically by a coil of nickel 
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wire and insulated by crushed quartz Q contained in a wide 
porcelain tube E closed at the ends. The whole was lagged 
with magnesia steam-pipe lagging. 

Cylinders f inch diameter and f inch long were turned of 
the metal to be tested. A platinum cylinder A, the compensator, 
was placed in the furnace with the metal test piece B. Circuit 
F contains the sensitive galvanometer G and the opposed thermo- 
couples inserted, the one in the compensator A, the other in the 
specimen B. The second thermocouple in B goes to the potentio- 
meter and is used to measure the temperature of the test piece. 
Thus the galvanometer G gives the difference of temperature 
of test piece and compensator and the galvanometer in the 



Deflections of the Differential Galvanometen ih full sl3e. 


Fig. 99. — Cooling Curves from Steel (Carpenter and Keeling). 


potentiometer circuit gives the temperature of the test piece. 
Ki Kg are the cold junctions maintained at 0° C. The furnace is 
heated to a temperature well below the melting-point of the test 
piece and is kept at this temperature for about half an hour. 
Then the current is cut off and the whole furnace cools down. 
Fig. 99 shows a cooling curve taken with this apparatus. 

Further details of apparatus for the thermal work should 
be studied in textbooks specially devoted to the subject and in 
the publications of scientific-instrument makers. For a detailed 
comparison of the various methods reference may be made to a 
paper, entitled "‘OnMethods of obtaining Cooling Curves, ’’by G. K, 
Burgess in of the Bureau of Standards ^ Vol. 6, 1908-9. 
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The interest to the engineer lies rather in the use made of 
cooling curves than iu the actual manner of obtaining them. A 
cooling curve is to an engineer a chart showing him the tempera- 
tures at which molecular changes take place and is of immense 
service in guiding him towards correct processes of heat treatment 
and giving him general information about the inner state of the 
metal. The great importance of cooling curves lies in their 
power, when marshalled together in a series and ranged in order 
of alloy composition, to give to the metallurgist a view of the 
general principles underlying the processes of solidification and 
cooling of alloys. They enable the temperature concentra- 
tion diagram to be constructed from which so much is learned 
and in which so much is recorded. 

57. Temperature -concentration Diagram of Alloys. — 
When two metals are melted together to form an alloy, cooling 
curve and microscope show that solidification of the melt does 
not take place at one temperature like a pure metal or pure 
water, but that the melt begins to solidify at one temperature and 
ends the process at a lower temperature. The alloy has therefore 
no one solidifying temperature identified with it, but instead it 
has a definite temperature range belonging to it through which 
solidification takes place. At the higher temperature of the 
range the melt is all liquid. At the lower temperature of the 
range it is all solid. 

At any temperature within the range it is partly liquid and 
partly solid. The higher temperature of the solidifying range 
of a given pair does not coincide with the melting-point of either 
of the metals in the mixture, but it depends upon the composition 
of the alloy. 

Two ways of crystallization from the liquid may be distin- 
guished. In the first, each metal of the pah crystallizes out pure 
without contamination from the other. In the second, each 
crystal as it builds selects its material partly from one metal 
and partly from the other, so that the crystals have each almost 
the same composition as the composition of the liquid. Given 
sufficient time and suitable temperature, diffusion in the solid 
takes place until it may be said that each separate crystal block 
finally attains the original composition of the liquid from which 
it solidified. The solid crystalline structure is called a solid 
solution of one metal within the other. 

Pahs of metals crystallizing in the first way, though mutually 
soluble in all proportions in liquid form, are said to be mutually 
insoluble in the solid form. Pahs of metals crystallizing in the 
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HCHHiiul way lira mutually H(»ttil)lu in tlu^ liquid ftjrm niul aru naid 
tu hc^ mttiually Huluhlu in all pnqHUlicaiH in tlu' Hulitl form. 

N<» pair of matalH aryHtalli'/.uH tnxatdly In tlu^ firnt way, lJui 
HoiiHi pairn hnvn Hindi a limittHl Hcilubility min in thn otlicT in 
thn Hulid Htati' that tiny may la* rngardud an mditlifying in thn 
lirni way, Tliallium and g(d<l arr Hindi a pair. 

In nrdar In fnllnw tlm pruta^HH nf mdidifirathai af a pair eryn- 
talli'/Jng in thn lirnt way, annHhlta* ihnndnrn thn nxparimnntal 
ruHidtH cihlainnd from tin' tharmal analyniH of thallium and gold 
anti plotted in tin' tmnparaturn uomanitration cliagram (Fig. ItHI), 
ThatHum will Innld rryntulH from tln^ liiiuid imdt of the 
alhy witlnnit uning a Hingle atmniit hrh‘k of gold. And gold 
will build itH tuyntaln witlnait uning a ningh' atomin britdi of 
thallium, HUppoHing tlie nolidifying pr(HM\sH to follow ntrietly the 
firnt but idt^ul method. But <*atdi hamptU’H iln^ othc»r in the 
building pna’enH, an the diagram will nomi nhow. 

ddiert' ari' two wnyn of dtdining the (‘ompoHition of a mixture. 
OiU' wav in by the weight proportion <»f the nndalH prenent. 
'rite Heetmd in by tin' attunie propt»rtion. It in often eonvenient 
to plot the ti'mfw'rature eoinauitrntion diagram to nhow thc^ 
c’onqHmition in atomie proportion. 

I#et X ; If he tlu' weight proportion of tln^ mtdnlH in a mixture, 
'rheii if till' nioiiih^ weiglit of the x intdal in Uj, and the atomie 
widght t»f tht^ y iindal ihu^, the atomie proportion of the mixture 

tH 

^ 

aj ' Ug’ 

from whieh the {H'reentage atomie jiroportion of the nudal 1 / in 
the mixture in 


UH) 


!/ 


X 


// 


Huppone, for example, that a mixture of pt*r emit, hy wedght 
of thallium ninl 10 p(*r eent. of gold in to he nalueed to atomic 
proportion. 

'riie atomie weight of thallium in 204, and of gold 107. 
Thmi the atomie proportion of gohl in the mixture in 


100 X 10/107 
00/204 1 10/107 
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10'.1 per cent. 
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The atomic proportion in tiieii 89*7 per oetit. thallium and 10*3 
per cent. gold. 

There iB tlum no diflicuilty in paHHing from weight proportion 
to atomic proportion and vice vensa. AHHume that a cooling 
(!urve luiH been tak(ui for an alloy of thallium and gold containing 
10 pea* cent, of gold in atomic proportion, and then a curve 
for an alloy c.ontaining 30 peu’ (!ent. of gold in atomic proportion, 
a,nd HO on for c^a.(di increaHo of gold in the mixture by 10 per cent. 

S(d up an ordinates at (^ae.h change of 10 per cent, in the 
mixture Fig. 100, and mark olT on each ordinate thecorrcHponding 



Fuj. UK). a\nitip('ruturo (laiKUJuld’aMoti Diagram: Thallium aiul (luhl.^ 

t(un|)(»ratjUreH of tlio arroHtH hHowh oti tho cooling ciirvoH. Tho 
ordinaio through tho zero of tho horizontal Hoalo roproHontH a 
nu'lt of pun* thallium. 'I’horo in only one arroHt point on thin 
or(linat(i, namely at 300" 0., tho tomporaturo of Holidification of 
thallium, 'il’lio next ordiuato markH a compoHition of 10 por 
cent, gold and 1)0 por cout. thallium in atomic proportion. Tho 
cooling curve furiiwhcH two temperaturoB on tluH ordinate; one 
on tho line' AE, and one on tho lino CK. Tho ordinate at 27 por 
cent, gold HhowH one arrent at tom peraturo 131° C. As tho poroont- 
ago of gold inoroasoH each ordinate is found marked with two 
tomporaturos which got wider and wider apart until the experi- 
* M. Tjcvin, S'jcUachnjt filr Anoryaniache Ohemie, 1905, Vol. 45, pago 31. 
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mental melt is wholly gold. One arrest only is plottecL namely 
at 1064® C., the temperature of solidification of pure gold. 

The diagram as it stands is merely a record of the temperaturoB 
of arrests plotted against composition. Tlie microscope onablea 
the temperatures on an ordinate to be identified with the beginning 
and the end of solidification of an alloy of the composition defined 
by the position of the ordinate. 

Joining tlie points together, there results a liorizontal line 
at the temperature (J. and two inclined lines meeting this 
horizontal at E, The diagram as it now stands illustrates some 
fundamental principles in m(d-allography. 

First selecting any mixture and erecting an ordinate, as at a;, 
the intercept on this ordinate ITJ is the solidifying range of 
temperature for the idloy of that composition. Secondly, if the 
mixture at E is selected the raiige of tcunperaturc^ is nil. This 
mixture solidifies at one temp(u*atur('>, namely I'M® 0. This is 
th(^ most fusible mixture that can b(^ inade of this pair of metals. 
It is called tlie eutectic mixture, meaning the most fusible 
mixture. Jlio name was introduced by Prof. Gtithric^. 

The process of solidilication may now b(^ followc’d on this 
diagram. Consider the solidification of a mixture of K) p(vr cent, 
of gold. The metal in the medt in excess of tlu^ (uitectic proportion 
begins to crystallize first and goes on crystallizing at falling 
temperature until the liquid melt is reduced to the eutectic 
proportion, and then the gold begins to crystallize and both metals 
then go on crystallizing at constant temperature until the whole 
melt has solidified. The eutectic structure often exhibits a 
beautiful stratified appearance in the microscope. 

The metal in excess of the eutectic proportion eryslallizes 
at a falling temperature because as it is withdrawn from the 
melt in crystal form the metal left liquid is changcHl in composi- 
tion and therefore its solidifying ranges has changcxl. For example, 
in the 10 per cent, mixture of gold and thallium there is an excess 
of thallium above the eutectic proportion which is 27 per cent, of 
thallium, and this excess begins to crystallize at 255® (1 Suppose 
20 per cent, of it has crystallized out ; then at the moment the 
composition of the remaining liquid is 10 parts gold and 70 parts 
thallium, corresponding to 15 per cent, gold nearly. The ordinate 
at this mixture shows that the temperature of crystallization is 
206® C. 

Therefore, tlie ordinate which marks the comjJOBition of the 
liquid mixture moves slowly towards the (‘utectic point during 
the process of crystallization of thallium. As it moves, its foot 
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shows the mstantanoous csornposition of the liquid and its ii\ter- 
scction with tlic^ lino AEB dcliru'sH tho corresponding instantaneous 
temperature of the liquid. When it arrives at the eutectic point 
tho liquid has bcHUi reduced to etitectic*. composition, the gold 
Ix^gins to crystallize^ and then thallium and gold crystallize 
side by sid(^ bull H(q>arn.t.(‘Iy at tlui e.onHta.nt tcunpeaaiture until the 
whole of tho liejuid has bee.omo solid. 

Summarizing, tlu^. eharacteristics of pairs of metals which, 
although nuituaJly soluble in one finotlu^r in all proportions as 
liquids, are inHolul)lo in one aiiothor as solids, are:— 

1, That tlu^y fonti a eutectic mixture, 

2. Tliat this mixture Holidillos at constant tcunperature. 

2. ''Fhat tins temperature is below the solidifying t(un])orature 
of (uthevr of the metals in tile’s pair. 

4. ''Fhat an alloy of any composition but tho eutectic com- 
position has a solidifying range. 

5. That tho upper temperature of this range increases from 
the (utcctic temperature in proportion to tho excess of either 
metal present when the mixture is defined by atomic proportion. 

0. l''hat tlu^ lower temperaturi^ of the range is tho same for 
all mixtures and is equal to th<^ (nit<Hjtic temperature. 

So long as the tcvmperature of an alloy lies above tho lino 
AEB it is all licpiid. This line is called the liquidus. If tho 
tomp(u*ature is b(^low ih(!) lino (IE I) it is all solid. Tho lino CEl) 
is called the solidus. 

If the temperatures falls within the triangular area AEE the 
alloy is liquid, with crystals of thallium in it. If the tempe^raturo 
falls within tho triangular area BED tho alloy is liquid with 
crystals of gold in it. 

It can easily bo predicted from this what tho general appear- 
ance of tho solid alloy will l)a in the microsoope. Assuming that 
tho eutectic mixture has solidified in a stratified form so that it 
is easily recognized, an alloy whose composition lies between 
0 and 27 per cent, gold will show crystals of thallium omhedded 
in the cutecdic. An alloy whoso composition lies botwoon 27 
and 100 per cent, gold will show crystals of gold embedded in 
eutootio. Tho (uiteotic itself will consist of alternating layers 
of gold and thallium bent and distorted into most beautiful 
|)attorns. 

Silver and copper, silver and load, bismuth and tin, cuidmium 
and zinc, zinc and tin, are pairs of metals which solidify in the 
way above described, and there arc mauy other binary pairs, as 
they are called, whicli follow the same process, remembering 
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always that separate crystallization without contamination from 
either is an ideal process. The contamination is a question of 
degree only. 

Separate crystallization of the two constituents of a mixture 
is not confined to crystallization from the liquid. An analogous 
process takes place from a solid solution of two constituents 
as well as from a liquid solution. One of the most interesting 
examples of this is steel. 

When carbon is added to a bath of liquid iron it immediately 
combines chemically with so much of the iron as it requires to 
form FegO, that is cementite, and then the cementite is dissolved 
in the remainder of the iron. Assume that 0*5 per cent, of 
carbon is added to a bath of liquid iron. From the formula it 
follows that this quantity of carbon will combine with 7 per cent, 
of iron to form per cent, of cementite, leaving 92|- per cent, 
of iron. The bath may now be regarded as a liquid solution of 
92J per cent, iron and 7| per cent, cementite. This solidifies 
as a solid solution, so that, given time for diffusion in the solid, 
a crystal block of the solid solution will ultimately contain 
per cent, cementite and 92J per cent. iron. This solid solution 
of iron and cementite is called austenite from the discoverer of 
it. Sir Roberts- Austen. As the austenite cools a temperature is 
reached, at about 768° C., at which the austenite begins to 
deposit crystals of alpha-iron. This goes on, the austenite 
increasing in strength as the temperature falls until the austenite 
has increased in strength to 13 J per cent, cementite in 86 J per 
cent, iron, corresponding to 0-9 per cent, carbon in 99*1 per cent, 
iron at a temperature of 725° C. Below this temperature the 
austenite breaks up into alpha-iron and cementite. The solid 
solution has separated into a mechanical mixture of its con- 
stituents called pearlite. The form of the pearlite depends upon 
the rate at which cooling takes place through this change-point. 
It may be laminated or it may be granular or some other form. 

Part of the temperature concentration diagram of the iron- 
carbon system of alloys is plotted in Fig. 101 to illustrate this 
and to show by comparison the similarity of the diagram to the 
diagram of thallium and gold crystallizing from a liquid solution. 

The ordinate corresponding to 0-5 per cent, of carbon, equiva- 
lent to per cent, of cementite, shows a range, beginning at 
768° C. and ending at 725° C,, through which the austenite deposits 
crystals of alpha-iron. Alpha-iron crystalHzes out from the 
austenite whilst the ordinate moves towards the eutectic point 
E, its foot showing at any instant the composition of the austenite 
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and its upper temperature the temperature of the solid. Arriving 
at E, alpha-iron and cementite separate from the austenite and 
recrystallize into a mechanical mixture which is called the 
eutectoid of alpha-iron and cementite. This goes by the general 
name of pearlite. 

The term Eutectoid denotes the most fusible mixture of two 
solids in the sense that a higher temperature transforms them 
into a solid solution. The term Eutectic implies that the 
most fusible mixture is transformed by heating into a liquid 
solution. 

Steel containing 0*9 per cent, carbon should therefore show 
the eutectoid structure alone. Steel containing less carbon 
should show ferrite em- 
bedded in the eutectoid, 
steel containing more car- 
bon than 0-9 per cent, 
should show cementite 
embedded in the eutec- 
toid. 

Fig. 107 shows the 
eutectoid structure pro- 
duced under the thermal 
conditions in which the 
simultaneous but separate 
crystal building of fer- 
rite and cementite pro- 
duce the laminated alter- 
nations of either called 
pearlite. Fig. 106 shows 
ferrite in pearlite, the 
structure of a 0*57 carbon steel. Fig. 108 shows cementite in 
pearlite, the structure of a 1*4 carbon steel. 

The change in inner structure corresponding to increased 
carbon content can be traced easily on one specimen by case- 
hardening a piece of iron and then polishing and etching a cross- 
section. The case-hardened shell appears as a dark frame round 
the section if viewed under a low power. The carbon makes its 
way into the metal during the case-hardening process so that 
the carbon content along a direction perpendicular to the sur- 
face decreases from a maximum at the surface to a minimum 
at the inner depth of penetration. By merely moving the test 
piece across the field of the microscope the various structures 
determined by varying carbon content can be passed in review. 

H 



Weight Percentage of Carbon 

Fia. 101. — ^Temperature-concentration Dia- 
gram : Iron and Carbon in the Solid. 
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Starting from tho oontro of tho piotso and using a suitably high 
power, there will bo soon in suocossion forrito, then forrito in 
poarlito, thou poarlito only, and finally comontito in poarlito. 
Those structures can bo setui tnorging one into tho other as tho 
specimen is moved across tho field. 

Lot us now consider tho toniporaturti cauiccntration diagram 
belonging to an alloy of two metals which are mutually soluble 
in all proportions both in tho liquid and in tho solid states. It 
might bo expected that a molt of givt'n composition of such a 
pair would solidify at constant temperaturt', building crystals of 
identical composition with tho liquid. Tho cooling curves show, 
however, that solidification takes place through a range of tom- 
poraturo. 

The power of crystal-building appears to b(» controlled by 
tho temperature so that when crystals begin to build themselves 
from tho liquid mcdt they select matc'rial, not in proportion to the 
composition of tho melt, but in a proportion determined by tho 
temperature of tho liquid. In consequence of thisdhe^composition 
of the liquid left as solidification proceeds is continually chang- 
ing, and with it tho temperature at which crystals binld them- 
selves, and tho crystals themsolvos build with varying proportion. 

Tho full linos in Fig. 102 show the tomperaturo-ooncentration 
diagram of copper and nickel. A series of cooling curves mar- 
shalled along tho axis in order of atomic compositioxx of tho 
melts from which they wore taken show arrests which, joined, 
give the curved leixs-like diagram seen. Corxsidor tho alloy con- 
taining about 40 per cent, nickel. It begins to solidify at about 
1280® C. It has finished solidifying at about 1210® 0. Tho 
composition of its initial crystal structure is determined by tiio 
temperature at which solidification begins, and it is inferretl that 
tho proportion in which tho initial crystals select f heir material 
from tho liquid is defined by tho ordinate corresponding to tho 
solid state at that tomporaturo. Draw thoreforo a horizontal lino 
through the point T to cut tho solidus in B. An ordinate through 
B cuts the base in 6, showing that tho composition of tho crys- 
tals first formed is 68 per cent, nickel and 42 per cent, copper. 

At t, the temperature at which tho melt is wholly solid, draw a 
horizontal to out tho liquidus in G. Then at tho moment of 
solidifioation the last liquid drop has the composition defined 
by an ordinate dropped from G, ixamoly 26 per cent, of nickel 
and 76 per cent, of copper. The erystals formed during tho 
process of solidification thus have a varying composition from 
within outwards. Tho ooro has tho composition b, tho outer 
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shoath tho composition g, and tho average composition is x. 
Given time and a suitable temperature, this inequality of 
composition is redressed by the process of diffusion in the solid 
towards tho average composition x. 

Thxis in a liquid melt of composition x, crystals begin to 
build of composition h at temperature T, and finish building 
with composition g at temperature t, and then tend to tho average 
composition *, corresponding to tho range Tt by tho process of 
solid diffusion. During tho j)roceBs of solidification tho ordinate 
Tlx, representing the original composition of tho liquid, moves 
into coincidence with Qp, and tho ordinate 6B, showing tho 



Full Lines. Atomic per Cent of Nickel in Copper. 

Dotted Curves. Atomic per Cent of Manganese in Copper. * 


Fia. 102.-— Temporature-coiuHMutration DiagramB of Niokol in Ooi^por and of 

Manganoio in. Copper, t 


composition of tho initial crystal structure, moves also into co- 
incidence with Qg. Both Tlx and &B moot in Qfr at the moment 
of solidification of the last drop of tho liquid. 

The crystal structure of a solid solution seen in tho microscope 
has not usually tho sharpness of outline exhibited in tho structure 
of alloys which do not form solid solutions. Owing to the varying 
composition of tho crystals tho etching fluid produces blurred 
edges and softened and rounded outlines. Tho sharpness will 

♦ W. Guertler aiid^Q. Tammann. Zdtmhrift fUr Anorgmimhe Ohemwt 1007, 
voL 52, page 25. 

t B. F. BhonitBolmHliuy and T. T. Urattow, A, K. BykowHki, Z. A, C,, 10OB, 
vol. 57, pagt) 20. 
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do|HMui ujKJU tho oxU'Ht to which (liiTunioa han l>r<mgiit tho 
oryBtalH towanln a iinifonn compoHitioti. * 

Tho |KK!uliariti<*H of {wiirB of mctalH whioli aro nuttually Holublo 
In tho Holld in all proportittuM aro: 

1. That tiH'y form no ootoctHs mixture. 

2. That tho «olidifying rang*' of a mixtun' lioH holw(<ou tho 
Holidifying tt'inja'raturoM of tho pair. 

3. Tliat tho rnioro Btruoturo dojauulM U|«>n th<' extent to v 

whieh dilfuHitm in tho aolhl haH hmught th<' eryatalH towarda a ■ 

constant composition. 

Other javirs give an assomhlage of arrest {Hants, which when 
joimnl show a solidus and liquidus eoineiding at a {loint of 
minimum tem{K«raturo lower than thi' solidifying tomiMiraturos 
of either metal in the |>air. At this point of minimum tiunjatraturo 
tho crystals sidect thiar materials fnun tht' liijuid in exactly tho I 

{woportiou in whieh they are {iresent in the liquid. Urowing \ 

crystals and diminishing liquid k(*e|) the same {irotiortion during i 

the whole {iriwess of solidilication at the eonstant minimum 1 

temperature. An alloy of the pair in any otiu'r {inqtortion than 1 

that corresjKmding to the minimum tem{H'rature has a solidifying 
range and th<» crystals huihl in varying proportion. No (niteotic 
is formed. j 

Ooiiper and manganese furnish a diagram of this kind. (Jopper i 

solidifies at 1()H4" (!. ; manganese at 12(10” D. lint a mixture of 
36 per cent, manganese and (16 {s'r cent. co|)|M<r, atomic proper- | 

tion, solidifies at the constant tenqsTature 870” C., and tho 
crystals select mangamsse ami co{){H'r from the liquid for 
building in tho proportion 36 to (16, 

Insolubility in the solid as exmnplifiiHl by the thallium-gold 
diagram (Fig. 100) is an kleal condition never quite realised in ' 

praotioo. Metals usually {lossesH the {irojH'rty of mutual solu- j 

bility in tho solid to some, even if to a very limitiHl, extent. ^ 

The diagram of silver and copjw'r may he used to illustrate 5 

tho general form of diagram belonging to pairs which form 
outootio mixtures and at tho same time {mssoss tho propi^rty of i 

a limited mutual solubility in tho solid. 

Silver can dissolve up to about 7 atomic i«ir oent. of oojiper 
in solid solution. A crystal block of this structure analysed 
would show this atomic proportion. Tho ordinate cCf marks i 

this alloy in tho diagram (Fig. 103). Its solidifying range is 
Cf degrees. Again, copper can dissolve up to about 16 atomic 
per oent. of silver in solid solution. Tho ordinate dDjr marks 1 

this alloy on tho diagram. Its solidifying range is Dg. An 
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alloy of silver containing less than 7 per cent, of copper solidifies 
like a solid solution, and the curves of the diagram Pig. 103 
show the solidifying ranges. 

An alloy of silver containing more than 85 atomic per cent, 
of copper solidifies as a solid solution, and the curves of the 
diagram show the solidifying ranges. An alloy of silver contain- 
ing more than 7 and less than 40 atomic per cent, of 
copper forms a saturated solution of 7 atomic per cent, copper 
in silver, and then the excess copper in the mixture behaves as 
a separate metal to the saturated solution. The ordinate marking 
the original mixture moves towards the eutectic point at E, and 
then excess copper begins to solidify and the silver-saturated 
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Atomic per Cent of Copper in Silver 

Fig. 103. — Temperature-concentration Diagram: Silver and Copper. ♦ 


solution and the excess copper solidify separately side by side 
at common temperature 778° C. 

An alloy of silver containing more than 40 and less than 
85 atomic per cent, of copper — or perhaps it is better to say 
an alloy of copper containing more than 15 and less than 
60 atomic per cent, of silver — ^forms a saturated solution of 15 
atomic per cent, silver in copper, and then the excess silver in 
the mixture behaves as a separate metal to the saturated solution 
of copper. The ordinate marking the mixture moves towards 
the eutectic point E as the saturated solution crystalhzes at 
falling temperature, and then the excess silver begins to solidify 
and excess silver and copper-saturated solution crystallize separ- 
ately side by side at common temperature 778° C. 

These percentages are given to illustrate the type of diagram 
and are only approximately accurate. The arrest points defining 

* W. von Lepkowski. Zeitschrift fur Anorganische Chemie, 1908, vol. 69, 
page 290. 
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thu liiit'M of tho (ItHgrnm w<'n' tlofornunoti hy n«\v<uwk utwl Ncvillo 
(moo Phil. TmtiM., 1K!>7, iHjU, 2r»), iintl tlto liinitM (tf Holubility 
inarkc'ti by tho points* V- niui D wort' invoMfigntod by Friodrioh 
and l/('rtMix {MHnUnrgU-, HH)7, 4. bid. noiuirding to DomoH 

thoro iM Mtill a littlo (bnibt aiiont t.h»’ir oxaot \'ahioM. , 

TIio goiH'rid tyjM^ of dingrnin for a pair tif motida poHHOHHing * 

limiUMl mutual wtlubilif y in th<^ solid hIiowm a horizontal through 
tho out'(»oti« |KHnt E. U'rminafi'd oithor way by points (J and D, ^ 

Tho ordinatt‘H thnaigh thoMo ptaids mark tlio caimposition of 
oithor alloy whon Haturatod with tho idhor. LinoM from tho 
tomjH'rattiro limits of tho soH«lifying rnng«’s of tln'so saturatod 
solutions moot in tho solhlifying tomj«*raturos of tho puro motals. 

For oxamplo. linos from F and / moot in A atal fnan 1) and g 
moot in 15. 

Whon tho idloy has tho mitootio oompiwit ion thi' molt solidifios i 

at constant tom}M'raturo anti t ho inner structurt' may bo rogardt'd 
jiH profluced by a pair of saturatotl solutions htdiaving towards 
each (tthor as a pair of puro motals. 

»S(tlid Kolutitms gonorally altor thoir otunposition as tho tom- 
{Mwattiro ohangt'H. This point has boon illustratotl by tho diagram 
of tint carhoU' iron alloys Kig. 105. Iron at I i:t!» (*, cati dissolvtt 
up to 27 jM^r cent. <»f oomtndito corrt'sponding to l-H js'c cent, of j 

carbon, but at 725" (!. it can <ady dissolve l.'5| js'c cent, of comon- 
tit«\ comwpomling to O-U js^r <-ojd. «if carbim. Dtiring the* cotding 
of tho solitl from 1 1 35) ' ( !. t<» 725" ( !. tlu' oxcoss <tomontiti' gra<lually 
aoparatos out. 

Tho lashaviour of solhl stdutions may bo further illustratod 
by alloys of oopptv ami zine. 'I'hose metals form a eomplicatod 
HorioH of solid sttlutitma whose limiting proportions change as the 
ttmijKtraturo changes. Fart ttf the ti'm{H'raturo"C«moentratic)n 
diagram of the c<»pper zinc series is shown in Fig. 104. 

A melt containing 30 |H'r cent, of zinc anti 70 |M>r cent, of f 

coj>}mr solidifies in the way dt'seribed abttve for ti pair of ttietals 
forming stdid solutions. The onlinattt xH’ tnarks this alloy in i 

the diagram. Tf is the ninge of solidification and x is tint average 
(tomposition. This mak'rial is calletl tlw alpha- solution. Its 
structure is like that of a pure metal and is setm itj Fig. 01 
above, Kach crystalline bltwk there soon is bttilt of atoms in 
the avttrago proportion of 30 zinc to 70 cttpjXT. As mentioned ■ 

above, if cooled too quickly so that tlifTiwitm is prttventtid, the 
a-material may apitenr to Im built of two sitiHiraitt constituents ] 

because the rich inner cores of the blocks and the poorer outer 
sheaths are difTercntially etched and therefore the alphivsolution 
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is non-homogonoous and appears in the microscope as two blurred 
but different structures. The curved line AB marks the limiting 
conditions of composition and temperature in which the inner 
structure is entirely built of alpha-material. At ordinary tem- 
peratures the alpha-solution may contain as much as 37 per cent, 
of zino. A molt containing 40 per cent, of zinc solidifies through 
the range T,fj forming what is called the beta-solution. This 
solution is stable until the temperature falls to TfiO” 0., and then 
alpha-solution begins to separate from it. 

According to Carpenter this beta-solution is only stable 
above 470° C. Below this temperature it breaks up into alpha- 
solution and another called gamma-solution. Thus the inner 
structure of brass containing 40 per cent, zino shows two definite 
materials, namely the 
alpha-blocks and the gam- 
ma-blocks. An example of 
this is seen in Figs. 66 
and 67 above. The two 
structures appear very 
different, and this is no 
doubt due to a different 
history of cooling rates 
and mechanical working. 

The rate of cooling intlu- 
encoH the final struoturo 
greatly. Rapid cooling of 
a 40 per cent, alloy may 
retain the beta-structure. 

Less rapid may give an 
alpha- and beta-structure. 

But with a rate suitable to the conditions of the diagram the 
final structure will be alpha-solution and gamma-solution. 

The diagram shows that the ductile 30-70 brass consists 
entinily of alpha-solution. And the strong 40-60 brass consists 
of a mixture of alpha- and gamma-solution when cooled slowly 
enough to allow diffusion to establish equilibrium. 

Summarizing, the thallium-gold diagram Fig. 100 is typical 
of a pair of metals each of which crystallizes from the liquid 
separately. In these circumstances there is one mixture of them 
which solidifies at a constant temperature lower than the melting- 
point of either, and the structure produced is a mechanical 
mixture of the separate crystals of the two metals. The mixture 
is oalled the eutectic mixture and the structure the outectio 
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Fra. 104.— of Toiwpox'aturo-conoon- 
tmtion Diagram : Coppor and 55iuo (Braiii). 
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structure. Mixttiros of the motals in any other but the <'utectie 
proportion solidify through a range of temp'ratun' and the 
inner structure shows pure crystals of the oxiioss metal distributed 
through the outootic structure. 

The ooppor-iiickel diagram Fig. 102 is typical of a pair of 
metals which crystallize from the licpiid in <iuit<' the opposite 
way. Solidification tak('s place through a temp<frature range, 
hut each crystal as it grows H(d<'(ds maU'rial from each metal in 
the liquid in a proportion which changes as solidification proceeds 
through the temperature range, l)ut finally, by (liffusion in the 
solid, the crystals adjust tlwunselveH to the composition of 
the liquid from which they solidifUsl. Each crystal block may 
then ho regarded as a soliclifital part of the liepud solution and the 
resulting structure is called a solid solution. Fairs of metals 
forming solid solution in all proportions do not form cutt’ctic 
mixtures. Their structur<s afU'r (lifTusion in the' solid to uniform 
composition, is like the block structun' of a jiun' metal. 

The copper-manganese diagram h'ig. 102 is typical of pairs 
which form solid solutions and at a particular composition 
solidify at a cionstant minimum tempt'rature. 'I’lie sola! s<'parat- 
ing at this minimum temp'rature is not an euU'cf ic mixture but 
a solid solution separating in the same proportion as the liquhl. 
The crystal as it builds incorp(jrat«'s tlu' material from the liquid 
in the exact projxirtion iti which it is prc'sent in tht' licpiid. 

The copper-silver diagram Fig. 102 is typi<ud of many pairs 
of metals. It shows a pair each of which can dissolvi' a little 
of the other in the solkl. The saturufeil solut ion of either metal 
then behaves as a separate metal to the nu'tal in i'xch'ss of that 
which it can dissolve. The saturated solutions forms eutectio 
mixtures with one another. 

A metal after solidification may not retain its structure as 
it cools. It may rebuild in the solid. The solid solution formed 
from the liquid then stands to the structure at a lower tempiraturo 
in a similar way to that in which tlu' liquid stands to the solid 
formed at the solidifying temperature or t hrough the solidifying 
range. The pair of metals in solid solution may recrystallize 
separately from the solid solution and give a (ndectic diagram like 
thallium and gold or like silvc'r atid co{)p<'r. This is illustrated 
by the roorystallization of austeniti', and a part of the iron- 
carbon diagram is shown in k’ig. 101. 'The pair of metals in the 
solid solution reorystallizes separately into an eutectio of cemen- 
tito and ferrite containing pure crystals of ferrito or of cementite 
according to the composition of the material. Again, solid 
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Bolutions may break up into other solid solutions, and this is 
exemplified by part of the copper-zinc diagram. 

These diagrams do not by any moans exhaust the types that 
are to bo found in practice. Some metals when mixed act 
chemically on one another, just as exemplified by carbon in iron, 
'riien it may be necessary to consider throe constituents in a 
melt of a pair of metals, namely the separate metals themselves 
and the chemical compound formed from them. There may oven 
bo a series of definite compounds formed with limited solubili- 
ties in the solid, one in the other. Whatever may bo the com- 
plexities, the tomporature-concontration diagram is established 
step-by-step from the temperature arrests observed on cooling 
and heating curves, aided by the microscope and supplemented 
by other physical data such as density, magnetic hysteresis, 
electrical conductivity, specific heat, chemical data, electro- 
chemical, and also the measurement of mechanical properties. 

These few notes on the temperature-concentration diagram 
may bo useful to engineers and may servo to show what a wide 
fu^ld of research has boon covered by metallographer.^ to establish 
the properties of possible pairs of metals. Metals taken three 
at a time offer a field of research of almost illimitable extent. 
The subject may bo pursued in the excellent textbooks of 
Rosenhain or Dosch, both pioneer workers in these subjects. 

The diagram is by sonu^ oalled the Constitutional Diagram 
and by others the Equilibrium Diagram. The ternx equilibrium 
is used to signify that the thermal phenomeiia recorded in the 
diagram are those corresponding to thermal ociuilibrium. Men- 
tion has already boon made tliat the temperature of an arrest 
is slightly different, according as the observation is made on a 
cooling curve or on a heating curve, but that if the rate of cooling 
or heating is very alow the temperatures coincide. The tempera- 
ture recorded in the diagrams is that which it is assumed wmdd 
be found either from a heating or from a cooling curve along 
whi(‘,h the change of temperature was made with infinite slowness. 

58. Temperature-concentration Diagram of the Iron- 
carbon Alloys. -kSir Roberts-Auston, in the Fourth and Fifth 
Reports of the Alloys Research Committee,^ demonstrated that 
carbon formed a series of alloys with iron comparable with other 
pairs of metals and furnished data from which a preliminary 
diagram was constructed. Roozoboom, applying the principles 
of thermodynamics to the data, extended the curves of the dia- 
gram, and many workers have contributed experimental data 
1 Proo. Inat. Madh. E. 1897, Fourth Koport, and 1890, Fifth lloi)<)rt. 
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in the endeavour to fix the shapes of the lines and curves drawn 
through the arrest points. 

The iron-carbon diagram now generally accepted is based on 
the later experimental work of Carpenter and Keeling. Their 
work covered a range of alloys from 0-01 to 4-5 per cent, of car- 
bon. Details of their investigations, together with the diagram, 
are published in the Journal of the Iron and Steel Institute, No. 1, 
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Fig. 105. — Temperature-concentration Diagrams : Iron-carbon Alloys. 
(Carpenter and Keeling.) 


1904. Reference has already been made to the paper to illustrate 
the general method of thermal analysis. The Carpenter-Keeling 
diagram is shown in Fig. 105. This figure corresponds with the 
diagram published by Professor Carpenter in his paper, “ The 
Iron-carbon Equilibrium Diagram and its Practical Usefulness,” 
Trans, Inst, of Naval Arch., 1918. The range, beginning with 
pure iron, covers all the carbon steels and varieties of cast irons. 

It will be noticed at once that, although the percentage of 
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carbon in the iron is set out along the base; the areas of the diagram 
bear names which indicate that equiHbrium is not between iron 
and carbon but between austenite and cementite. A cementite 
scale is therefore added. Cementite, as mentioned above, is the 
chemical combination of carbon with iron represented by the 
formula EegC. Cementite, or carbide of iron as it is alternatively 
called, was discovered by the late Sir Frederick Abel in 1885. 
The formula shows that 1 part by weight of carbon combines 
with 14 parts by weight of iron to form 15 parts of cementite. 
Cementite has been supposed to be an unstable compound, 
splitting up easily into ferrite and graphite. The question was 
exhaustively considered by Dr. Stead in his Presidential Address 
to the British Association at Sheffield in 1910. Briefly Dr. 
Stead, after recapitulating the work of others, goes on to de- 
scribe the results of his own researches. He concludes that a small 
quantity of sulphur present with cementite makes it stable, 
but that silicon has the opposite effect. Quoting three of Dr. 
Stead’s conclusions at the end of his address : — 

1. The experimental results advanced show proof that carbide 
of iron, FcsC, in presence of iron sulphide crystallizes with a 
minute quantity of sulphur not exceeding about the one-thou- 
sandth part of the weight of the carbide, but the nature of the 
iron-carbon-sulphur compound has not yet been determined. 

2. It seems almost, if not absolutely, certain that it is the 
sulphur crystallized with the carbide which makes the latter 
stable. 

3. Silicide of iron, when heated at 1000° C. with pure white 
iron free from silicon, effects the decomposition of the carbide of 
the white iron. Based on this observation the hypothesis seems 
justifiable, in cases where all the silicon present in hypo-eutectic 
alloys crystallizes out with the primary austenite, that after the 
carbide has solidified diffusion of the silicide follows, and this 
leads to the decomposition of the carbide of iron into graphite 
and iron. 

From this it is safe to conclude that the full lines of the 
iron-carbon diagram (Fig. 105) show the equilibrium of austenite 
and cementite which has been made stable by sulphur. 

The dotted lines on the diagram marked graphite show the 
modification brought about by unstable cementite. Equilibrium 
is then between austenite and graphite. 

Austenite is a solid solution of carbon in gamma-iron. As 
already mentioned, gamma-iron possesses the property of dis- 
solving carbon. The quantity which can be dissolved depends 
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upon the temporaturo. Tho groatont quantity is 1-8 por oont. at 
1139° C. When tho temporaturo of this solid solution is reduced, 
it is found that comontito separates from tho solution, not carbon ; 
it sooms thcroforo roasonablo to suppose that originally tho 
carbon first formed comontito and then this comontito dissolved 
in tho gamma-iron. Tho maximum solubility is then oxprossod 
by saying that gamma-iron dissolves 27 por cciiit. of comontito 
at 1139° C. Whiohovor view is taken of tho matter tho crystals 
of tho solid solution when analyscKl would show 1-8 atoms of 
carbon mingled with 98-2 atoms of ferrite, always assuming that 
time has boon given for all parts of tho solution to bo brought 
to a uniform composition by diffusion in tho solid. 

Turning now to tho full-lino diagram, tho linos AFG form tho 
liqui<lus. A temporaturo above this lino defines an alloy which 
is wholly liquid. AGD is tho solidus. A temporaturo bolow this 
lino defines an alloy which is wholly solid. A temporaturo 
within tho area AFG dofinos an alloy which is a liquid containing 
crystals of austenite. A temjwrature withitj tho area Gb’l) 
<lofinos an alloy which is a liquid containing crystals of comontito. 

A temporaturo within tho area DFGE'r (Uplines an alloy showing 
a groumlwork of a eutectic mixture of austonito and o(un('ntite 
with crystals of austenite or comontiki ombodcUid iti it ac(!ording 
as tho carbon content is loss or greater than 4-3 per cent. 

A temporaturo bolow 725° C. dofinos ati alloy in which tho 
austonito has dooomposod into ferrito and comontito and tho 
structure shows a groundwork of tho outootic of forritc and 
comontito, usually laminated poarlito, in which is ombeddesd 
crystals of forrito or comontito according <vs tho carbon contc'.nt 
is loss or greater than 0-9 per cent. 

A temporaturo within tho area ACEKJ dofinos an alloy built 
wholly of austonito crystals. As described above, this solid 
solution of austonito when cooled behaves as if tlui two motfUs 
ferrito and comontito wore s«)lidifying from a liquid solution of 
forrito and comontito of which JKKC is tho liquidus and XjET the 
solidus. If through tho prosenoo of silicon or any other cause 
tho comontito is decomposed, then tho dotted linos t)f the dia- 
gram marked graphite dofino tho equilibrium conditions between 
forrito and graphite. 

Tho presonco of impurities, manganese, phosphorus, silie.on, 
sulphur, and other substances in tho molt introduce complexities 
in tho solidification and cooling procossos and modify tho tem- 
peraturo of the arrests,’ os will bo well understood from Dr. Stead’s 
address. Special stools and special irons must bo studied by 
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special cooling curves. The diagram as it stands is a guide to the 
correct interpretation of microphotographs and to the correct 
heat treatment of pure carbon steels containing the usual small 
quantities of impurities. 

We now use the diagram to aid in the interpretation of the 
microphotographs of iron and steel distributed through Chapter 
II, together with others introduced to illustrate the structure of 
the pig irons. 

59. Interpretation of Microphotographs. 

Iron. — The structure of commercial irons is seen in Figs. 19, 
20, 22, 23, 25, 26. From the diagrams we infer, although the 
iron is not quite carbon-free, that we are looking at alpha-iron, 
which, when heated, changes to beta-iron at 768° C. and to 
gamma-iron at 900° C. and finally melts at about 1506° C. Since 
no other structure is seen we assume that the carbon and other 
constituents shown in the analysis are dissolved in the iron. 
The black threads and spots are slag inclusions. 

Mild Steel. — The structure is seen in Figs. 28, 29, 31, 32, 
34, 35, 40, 44, and 45. Looking at Fig. 44 we see two structures, 
ferrite, and pearlite, and Fig. 45 shows that the pearlite is of the 
laminated kind. This steel contains 0-13 per cent, of carbon. 
The ordinate in Fig. 105 corresponding to this carbon content 
indicates that this steel would show temperature arrests at 
725° C., 768° C., 867° C., 1470° C., and 1498° C. These are 
equilibrium temperatures. The actual temperatures observed 
in an experiment would differ from these by amounts depending 
upon the rate of heating or cooling. 

A liquid melt of this steel begins to solidify at 1498° C. and 
the process is finished at 1470° C. The sohd is austenite contain- 
ing 0:13 per cent, of carbon, equal to 19-5 per cent, of cementite 
in solid solution. When the temperature has fallen to 867° C. 
the austenite begins to deposit crystals of beta-iron and the 
composition ordinate moves towards the eutectic point E. 
When the temperature has fallen to 768° C., the beta-crystals 
deposited change to alpha-iron and the austenite then deposits 
alpha-iron crystals as the temperature continues to fall. The 
foot of the ordinate shows the composition of the austenite, and 
the intersection with the line ElE the corresponding temperature, 
as the strength of the austenite increases with rejection of iron 
crystals at falling temperature. When the ordinate reaches E 
the temperature has fallen to 726° C. and the austenite has 
reached its saturation strength of 0-9 per cent, carbon. It then 
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reverts to pearlito of a kind which depends upon the rate of 
cooling through the temperature. No further change takes place 
as the solid cools. What wo see* in Fig. 415 is then the end of a 
complex process of crystallization. 

To follow the reverse process imagine an ordinate to pass 
through the point E, because it is the element of this composition, 
pearlite, that first responds to heat applied to the structure. 
When the rising temperature reaches C. the pearlite changes 
to austenite, and as the temperature increases this austenite 
begins to absorb first alpha-iron up to 768° C. and then beta-iron 
up to 867° C., the ordinate showing the average composition of 
the austenite, moving to the loft. When it roaches the com- 
position 0-13 it stops ; the temiwraturo of the austenite increases 
until at 1470° C. it begins to melt, the melting process being 
ended at 1498° 0. The molt is then wholly a liquid solution of 
austenite consisting of 19-5 per cent, of cernontite dissolved in 
iron. 

Steel containing 0‘5 per cent, of Carbon. The change 
produced by falling temperature has been dcse.ribod for this 
particular sttwl. It difb^rs from mild steel only in that the 
cooling austemite deposits no beta-iron and the solidifying nuige 
is increased to 66°. Solidification begins at 1470" C. and eiuls 
at 1404" C. 

Fig. 106 shows Hie inner structure of a steel of this kind 
when cooled through the reversion temperature 726° 0. at tho 
rate necessary to cause reversion of the austenite to lamellar 
pearlite. The white areas are the alpha-iron blocks. The 
structure is described as a groundwork of tho euteotoid in which 
is embedded alpha-iron blocks. The boundaries of tho blocks 
are not brought out because the etching of tho tost i>ieco was 
specially directed to bring out the pearlito. 

The Eutectoid Steel containing 0”9 per cent, of Carbon.-— 
Tho temperature at which solidification begins is 1443° C. and 
tho process ends at 1332° C., a range of 111° C. Tho austenite 
cools without change to 726° C. and then reverts to pearlito. 

The inner structure is seen in Fig. 107, where tho rate of 
cooling has been adjusted to produce lamellar pearlite. This 
steel, when heated, changes its pearlite to austenite when passing 
through 726° C. and then begins to melt at 1332° C. and finally 
becomes liquid at 1443° C. 

Steel containing 1*4 per cent, of Carbon. — This begins to 
solidify at 1420° C, and is solid austenite at 1220° 0. The 
solidifying tango is therefore 200° C. Tho first formed and 
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poorer austenite crystals, by diffusion from the later-formed 
richer crystals, will get slowly to the average composition. The 
cooling austenite begins to deposit crystals of oementite when 
the temperature has fallen to about 950° 0., and continues to do 
so until, at 725° 0., th(^ strength of the austenite has been reduced 
to 1. ‘{•5 percent, ccmentite dissolved in solid solution, that is, 0-9 
per cent, carbon. Cooling through this temperature, the austenite 
invcirts to pcarlite with ccmentite crystals formed into a sort of 
network marking out the boundaries of the pearlite blocks. 

Such a structure is seen in Fig. 108, magnified 120 diameters. 
This photograph was taken from a sample of 1-4; carbon steel 
free from alloy elements and shows the structure resulting from 
slow cooling. It was deeply etched to bring out the boundaries. 
The dark blocks are laminated pearlite, as will be seen from 
Fig. 109, which shows the structure of the same sample lightly 
etched to bring out the detail, and magnified 400 diameters. The 
ccmentite veins are clearly seen running through the structure 
and defining the boundaries of blocks of pearlite. 

Reheated, the laminated pearlite would fade into a saturated 
Hcdution of 0-9 per cent, austenite when the temperature reached 
725° C., and then as the temperature rose the austenite would 
gradually absorb the comontito boundaries until at about 950° C. 
there would bo only a solid solution of austenite containing 1-4 
per cent, of carbon. Molting would begin at 1200° C. and would 
be complete at 1420° C. 

Pig Iron containing 3 per cent. Carbon. White Iron.— 

Solidification begins at about 1270° C. and ends at 11.39° 0. 
Austenite, containing 1-2 per cent, of carbon, equal to 18 per cent, 
of oementite, begins to crystallize from the melt, and as explained 
above the austenite gets richer and richer as crystallization 
proceeds until it reaches the average composition 1-8 per cent, 
carbon, equal to 27 per cent, oementite. 

When the molt has fallen to the temperature 1139° C. it 
contains therefore crystals of saturated austenite and a liquid 
mixture of saturated austenite and comontito such that the 
carbon content is 4-3, the eutectic proportion. Saturated aus- 
tenite and comontito then solidify separately at constant tem- 
perature. The resulting structure is a groundwork of eutectic 
with saturated austenite crystals embedded in it. As this cools 
the austenite crystals deposit oementite until the strength is 
reduced at 726° C. to 0-9 per cent, carbon, and then, passing 
through this temperature, the austenite reverts to pearlite. An 
example of this “ reverted austenite ” is soon in the pearlite 
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peninsula, Pig. 114, facing page 114. Tlio cementito in this 
structure is stable so that the iron was probably a high- 
sulphur, low-silicon iron. 

Grey Iron. — If the iron had been high in silica and low in 
sulphur the oomontitc would have decom|K)sed and the inner 
structure would show, at ordinary temperature, reverted primi- 
tive crystals of austenite and graphite. The dotted line in the 
diagram Pig. 106 sliows the temperature corresponding to tliese 
conditions. An inner structure of this typo is seen in Pig. 110, 
facing page 111. The groundwork of laminated pcarlite, reverted 
austenite, shows black graphite areas distributed through it. 
The left side of the photograph shows a finer distribution than 
the right side. 

Pig Iron, 4'3 per cent. Carbon. — This solidifies at 1130° 0. 
into an eutectic structure of saturated austenite and cementite. 
The structure seen in the micros(!ope is a laminated form of 
<(ementit(», as if strands of macaroni had been folded backwards 
and forwards on themselves and dark austenite had been caught 
b(itw(«)n the folds. 

If less than 4'3 per cent, of carbon is contained in a pig, then 
the structure seen is the 4'3 per cent. eut(H!tic containing tuystal 
forms of primitive austenite which have reverted to ])earlite. 
If more than 4-3 per cent, of carbon is in the pig, then the structure 
seen is the 4-3 per cent, outectio, containing large plates of primary 
cementite crystals. 
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Mottled Pig Iron. — A blast furnace may produce pig iron 
wbicL when broken across shows either a grey fracture, or a white 
fracture, or a fracture of mottled appearance in which grey iron 
appears as definite areas distributed evenly through white iron. 
This is known as mottled pig. There are many grades of grey 
iron, but all of them contain carbon mainly in the form of graphite. 
There are various grades of white iron, and these contain carbon 
mainly in the combined form as cementite. In the mottled pigs, 
therefore, the grey areas show structures typical of grey pig and 
the white areas show structures typical of white pig. The study 
of a section of mottled pig iron is therefore instructive in that it 
shows on one section types of several structures. 

Typical chemical analyses of white iron, grey iron, and 
mottled pig iron are given in the following table taken from the 
Presidential Address of Dr. Stead at the British Association 
meeting at Sheffield. 





Mottled Pig Iron. 


White Iron. 

Grey Iron. 





White Parts. 

Grey Parts. 

Combined carbon . 

2-98 

Ml 

3-88>) 

0*98) 




4-S 

i3 U-66 

Graphite .... 

traces 

2-65 

045) 

3*68i 

Manganese .... 

0-29 

0-72 

1*63 

1*60 

Silicon 

1-89 

5-21 

0-65 

; 0-85 

Sulphur .... 

Phosphorus 

0- 27 

1- 62 

0- 03 

1- 56 

j- Not given 


Comparing the white with the grey, it will be noticed that the 
white iron is high in sulphur and low in silicon, the condition 
necessary to keep cementite stable ; and the grey iron is high in 
silicon and low in sulphur. The analysis of mottled pig, published 
by Mr. Hogg of Newburn Steel Works and quoted by Dr. Stead, 
shows that the white areas contain the eutectic proportion of 
carbon. This part of the field would in the microscope show 
the eutectic structure. The grey part contains more than the 
eutectic proportion, so that the structure seen would be the 
eutectic groundwork of austenite and graphite with cementite 
crystals embedded in it. 

The following microphotographs were taken from a sample 
broken off a pig which had just cooled and which showed a mottled 
fracture. It represents the product of a blast furnace at a 
Middlesborough ironworks. 

I 
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^ Eig. Ill sliows the general structure seen under the moderate 
magnification' of 28 diameters. The central part of the.photor 
graph looks like a group of black fir trees.' These ‘‘ dendritic 
crystals are the primitive forms in which the austenite solidified. 
Each crystal fir tree began growth from a nucleus, shooting out 
branches as it grew so that at one period the cooling metal 
consisted of forests of growing crystals feeding on the liquid 
round them until the supply was exhausted. All the black areas 
seen are the forms of the primitive austenite'crystals, and they 
correspond to the grey areas of the fracture. The white areas 
between them represent a structure mainly of 'cementite, as will 
be seen from Eig. 112, which shows the structure magnified 100 
diameters. -Now the white areas resolve into gleaming crystals 
of primitive cementite set in a shaded groundwork between the 
dark areas. Under the higher magnification of 400 diameters 
(Eig. 113) the full geometric beauty of this shaded groundwork is 
brought out. , It is phosphorus-iron-carbon eutectic. The section 
of a large crystal of primitive cementite is seen sloping diagonally 
across the centre of the figure. The dark areas, the ghostly 
forms of primitive austenite crystals, resolve into pearlite under 
higher magnification. 

The austenite reverts to this as the temperature falls through 
.725° C., rejecting cementite, until the strength is reduced to 0*9 
. per cent, carbon. The pearhte mass (Eig. 114) shows the tip of 
‘ a fir-tree crystal, a peninsula, which crystallized originally as a 
sohd solution of austenite, and then, depositing cementite as the 
temperature fell, reverted to laminated pearlite as it passed 
through 725° 0. The pliosphorus-iron-carbon eutectic can be 
seen distributed in the cenientite. 
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To face p. 114 . 
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PIG IRON 


To face p. 115. 



Fig. 116. 
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Eig. 115 «liowfl a (lark area, a boulder, magnified 800 diameters. 
This shows the internal poarlito structure, and in the centre is 
soon a RU(!COHsion of the plates of which the poarlito is built, 
almost like a stairway. The section has caught the group of 
plates obliquely. 

Eig. 110 shows a poarlito boulder sot in a eutectic of reverted 
austotuto and graphite. I'ho dark areas in the right-hand top 
(foriHU" of the photograph are probably crystals of manganese 
sulphide. 

These photographs show what a complex play of forces must 
operate between the atoms and molecules during the solidification 
and cooling of a piece of pig iron. It may bo noticed that the 
pearlitio constituent seen is really an eutoctoid stool embedded 
in other things. Steel-making may bo regarded as a cleaning 
process. It cleans out the unwanted structures and aims at 
the 0-9 per cent, eutectoid, with ferrite embedded in it for m ild 
steels, and comontite embedded in it for the harder stools. 

A remarkable series of changes takes place in the solid before 
the metal is actually molted. Imagine that a piece of the metal 
can bo placed in a crucible in circumstances which enable its 
inner structure to bo projected as a picture on a screen, so that 
wo can look at the j)icture during the process of heating and 
licpu^faction. Wo should see one picture dissolve into another 
as the temp(^raturo increased, until finally we should look at the 
pic.l.uro of a structureless liquid consisting of melted iron with 
carbon dissolved in it. If wo could in reality look at such a 
series of pictures many questions of controversy might bo settled, 
but the researches of Dr. Stead enable us to form a very good 
idea of the pictures we should see. 

The first picture on the screen would bo like Eig. 12, and this 
would remain until the temperature reached about 726° C., 
when the poarlito would fade away. The shoots of comontite 
wmdd, though solid, dissolve into sheets of solid iron and produce 
a homogeneous mixture of comontite and iron : the mixture called 
austenite. The geography of the picture would remain the 
same, but from this point onwards the comontite crystals (soon 
clearly in Eig. 13) round about the grey masses of austenite would 
in part be absorbed into them, because iron is able to dissolve 
increasing quantities of comontite as the temperature rises. At 
about 953° 0., the iron-phosphorus-carbon mixture (seen plainly 
in Eig. 13) would melt, and, the temperature rising, there would bo 
I)ocketH of liquid material distributed through the still solid mass 
of auHtenite and comontite crystals. At about 1100° C. the 
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otntiPiitiUi Pry8tiil« would nndt iiiul the HUstoiUto wouUl hoghi to 
molt, and would go on molting with rising tomimraturo until tho 
nuniH WH« wholly liciuid. 

If now tho (omfK'raturo worn jillowtHl to fall again, thoojn^ra- 
tions wotdd tako plaoo in tho rov<wo or<k*r. First orystalH of tho 
Holutitm of iron and oomontito wotdd grow in tho fir-troo form, 
and not until tho tomjH'raturo ha<l fallon to about 1100" (1. would 
tho oomontito hogin to form orystalH on its tiwn aooount. 'I’ho 
oooling manH wouhl then apjwar an a oonglomorato of fir-trw 
hhwks or orywtalliU'H, tho oryatal ohmuuitH of which arc formed 
of a Holution of oomontito in iron, auHtiunto and soparaU' cryHials 
of puro oomontitt', and thoHo would by now bo solid ; but distri- 
buitnl through tlus solid mass would bo li(}uid pockets of tho iron- 
plujsphorus-oarbon mixture about to form tho crystal not-like 
structure when the t<\mporaturo has falh'u to 1)53" 0 . The 
picture w<nd<i now show a mass compU'toly solid ; but probably 
mimh change in the geography would be noticed as the mass 
coolotl, because the cool structure exhibits the crushed and 
distorted remains of the fir-tree <^rystallit(*s, and thc^y appear to 
have boon subject to great prt'ssure during t.h<< (axtling procc'ss. 
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MILD STEEL 


Fig. 117. — 1*46 Carbon Steel Quenched in Water from 1100° C. X 120. 


Fig. 118. — 1-28 Carbon Steel. Quenched in Water from 1100° C. X 120. 
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60. The Rate of Cooling. — The rate at which a hot piece 
of metal cools has a profound influence on its inner structure. 
As mentioned above, § 56, the structure corresponding to a high 
temperature is maintained, at any rate in part, by rapid cooling. 
It might be expected, therefore, that a mass of steel cooled with 
sufficient rapidity to prevent austenite reverting to pearlite 
would show an inner structure of austenite itself. When, how- 
ever, steel is quenched from a temperature at which austenite 
exists, a structure is produced the blocks of which appear to be 
made up of bundles of needle-like fibres. This acicular structure 
is called martensite. Professor Carpenter holds the view that 
martensite is principally if not wholly austenite and that the 
acicular markings seen are due to the violent internal stresses 
set up by rapid quenching. 

Apiece of 1-46 carbon steel heated to about 1100*^ C. and then 
quenched in water is seen in Pig. 117. The needle-like fibres 
are clearly seen. . Whatever be the actual mechanism of the 
change we can say that rapid quenching of austenite maintains 
the cementite in solid solution and produces a structure called 
martensite. 

Variation of the slow rate of cooling required to produce 
laminated pearlite gives structures called sorbite and troostite. 
If austenite is cooled a little more rapidly than the rate which 
produces laminated pearlite, the cementite does not separate from 
the ferrite in thin sheets but in granules, and the structure seen is 
granulated pearlite, called sorbite. More rapid cooling is required 
to produce the structure called troostite. 

Dark bands of troostite are seen in Fig. 118 marking 
out areas of martensite. The structure seen was produced in a 
sample of 1*28 carbon steel by fairly rapid cooling from a tempera- 
ture of 1100° C. Troostite has the appearance of a carbon 
deposit. It may be that the steel is low in sulphur and high in 
silicon, so that the cementite is, in part at any rate, unstable. 
The formation of troostite is somewhat capricious. The same 
heat treatment on different carbon steels will produce troostite 
in some of them and not in others. 

Control of the rate of cooling is a matter of experience, because 
a method suitable to a small piece of metal is often quite unsuitable 
for a large piece. The means adopted must have some relation 
to the size and even the shape of the piece. 

A mass of metal cools in air at a definite rate, in oil at a quicker 
rate, and in water at a quicker rate still. When a mass is plunged 
into a liquid, either oil or water, at first evaporation of the liquid 
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takes place so that contact between liquid and metal is for a \ 

time prevented by a gaseous film of the liquid itself. Heat ’ 

must then flow from the metal across a film of gas into the liquid 
and the rate of cooling is therefore determined mainly by the rate 
of transmission across this film. , 

The problem of producing a definite inner structure by the j 

control of the rate of cooling is essentially a problem of heat ' 

transmission from the hot piece of metal to its surroundings. i 

Moreover, the problem is complicated by the condition that it is I 

not sufficient to get the heat out of the mass at a definite average , 

rate ; the rate of cooling through the mass of the metal must be 
uniform in order to produce a uniform structure. Industrial 
processes involving the control of the rate of cooling are necessarily 
therefore based on experience. The equilibrium diagram, however, 
gives useful information about the temperature to cool from, or 
the temperature to heat to, in various processes, and a few notes j 

on the kind of assistance possible may be useful. 

61. Heat Treatment. — The heat treatment of steel is an f 

art, but the temperature-concentration diagram gives consider- j 

able guidance in its practice. , 

The most familiar process of heat treatment is the hardening ^ 

of a cutting tool. The tool is first heated to a bright red and is ^ 

then quenched in water. The metal is then glass-hard and too j 

brittle to use. The tool is tempered by heating it to a temperature * 

considerably lower than red heat, and then it is quenched from i 

this temperature. Interpreting this process in terms of the ^ 

temperature-concentration diagram, the tool is first heated to a ! 

temperature at which its inner structure dissolves into austenite, 
and then this austenite is maintained in the form of martensite 
by sudden quenching. j 

The inner state is one of great stress and the metal is hard and | 

brittle. The higher the temperature from which quenching is j 

done, the greater the internal stress which results from sudden ^ 

quenching. The tool should therefore be heated only to the ’ i 

lowest temperature at which austenite is formed. This tempera- i 

ture can be found from the diagram when the carbon content of | 

the steel is known. For example, if the tool steel contains 1*25 
per cent, carbon the equihbrium temperature at which austenite j 

forms is about 900^^ C. The material should not be heated much 
above this temperature, say to 950® 0. For 0-9 per cent. | 

carbon the temperature might be 750®, and for 1*5 per cent. j 

carbon it must be over 1000® 0. to secure conversion to austenite. i 

These wide variations in hardening temperatures between 0*9 ; 
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por cent, carbon steel, shear stool, and 1 -5 per cent, carbon, show 
what useful guidance can bo given by tho diagram. 

In tlio tomporitig process the tool must not bo heated above 
tho temperature at whioh inversion takes place, namely 725“ C. 
As tho material is wanned tho stresses in tho martensite are 
roliovcid and tlio structure passes through some transition forms 
until at 725“ 0. it passes into lanudlar poarlito if tho conditions 
are suitable. 

M'etallurgists distinguish two of these transition structures 
as troostito and sorbite. Botwoon 200° C. and 400° C. tho 
martensite transforms into troostito. It is a matter of workshop 
experience that tool steel cooksd from this temperature after 
quenching is suitably tempered to out tho harder metals like gun 
metal. The inference is that a hard ctdting tool consists of 
troostito. Betw(»('n 400“ C. and (500° C. tho troostito transforms 
into sorbite. Cooled from this temperature, tho tool is suitably 
tempered for cutting iron and mild steel. I’ho infcjrence is that 
this less hard cutting tool is built mainly of sorbite. If coolod 
from temperatures above 000° and 725" it is too soft to exit. 

This process involves first the production of martensite and 
a state of great internal stress and a subscqvumt amusaling of 
this stress and tho formaiiion of a definite structure. The forma- 
tion of this structure can bo done by a single ixroperly regulated 
coolitig process. Troostikx, for example, could bo formed by 
slowly cooling from the high tenifxerature until a temperature 
betwexui 400“ C. and 200“ (!. was established, and Hum quenching 
out from this temperatunx. This single process is not so easily 
managed as the ancient double process, luit its groat advantage 
is that the necessary (!utt.ing temper is obtained without first 
subjecting the tool to a state* of inner stress, stress which may 
easily crack some tools like milling cutters and tools of complicated 
shai)e. 

Methods of cooling by oils and salts have for their object a 
dc4it)i(.<i r(*gidation of (lu* rate of cooling atxl therefore a definite 
e.ontrol on the inner structure into which tho crystals Iniild 
themselves, 

'Tim tomperaturew obtaitxcd from the diagram relate only to 
straight carbon steels. Tho transformation of austenite to 
pearlite is delayx'id if not altogether prev(*nt(«l by the introduction 
of alloys. Alloy steels all contain carbon, in fact it is the (uxrbon 
which gives them tlio properties of steel. fTho alloy added seems 
to influence the (irystallization so that harder structures are kept 
in being. Tho tomporaturos of tlie arrests are altered and must 


120 S'rRENQTH AND STRUCTURE OF METALS 


bo separately dotorminod for a given steel from cooling and 
heating curves. 

An interesting example of the effect of an alloy may bo 
quoted from a valuable paper by Dr. W. H. Hatfield entitled 
“Cutlery: Stainless and Otherwise.” On the loft of Fig. 110 
are seen the cooling and heating curves of a sample of 0-9 carbon 
steel. The arrests are fairly close together and have a moan 
value of about 725 degrees. Heating and cooling curves of a 
sample of stainless steel an^ seen on the right of the figure. The 
arrest is at 380" 0., but the arrest during heating, that is the 

inversion point whore the aus- 
tenite solid solution is formed is 
considerably above 800° C. The 
composition of the stainless steel 
is - 


C? 



(Carbon 

Manga.nes(‘. 

iSilicoii 

Hulpliur 

J*hosj»horus 

(hromium 


For cent. 
0-30 
0-30 
0-12 
()-()2 
(>•02 
13-00 


Cooling (full lines) and 
Heating (dotted lines) Curves. 


Fkj. u«. 


Cliromium acts to delay the in- 
version processes, and at the 
same time confers on the steel tlio 
valuable property of stainlessness. 

From the curves it will bo 
seen that, allowing say 45° above 
the arrest temperature, the tem- 
p(irature to which the 0-9 per cent, 
shear st<*el should be heated bcifore (pienching is about 770° C., 
whilst the hardtuiiiig kunperature for tlu' stainless steel should 
not be lower than 870" C. Dr. Hatfield recommends 960° C. 
to 1000" 0. Jis the limits between whudi it is <lesirablo to heat 
staitiless steel Ixsfore quenching in order to secure the reversion of 
l,h(j stnuiture to austenite. Tlie tempering operation for stainless 
steel is 5 minutes immersion in an oil bath at 180° (J. 

Annealing i)ro<!esHOs arc also usefully interpreted by the 
diagram. When steel has been transformed to austenite by 
heating to a tetnperature about 50° 0. above the temperature 
defined by the lino JKE, Fig. 105, and is then cjoolcd to the 
ordinary temperature, tlio blocks are small whatever may 
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have been the general sizes of the blocks in the inner struc- 
ture before heating. The process refines the structure. This 
process, by refining the structure, increases the strength. 

If the temperature defined by the line JKE is too much 
exceeded the austenite blocks increase in size and the subseq[uent 
cooling does not produce the refined structure. 

Attention must be given to the rate of cooling. Too slow a 
rate results in a coarse structure and the mechanical properties 
corresponding to the refined structure are lost. Steel raised 
to a temperature above the line AC begins to liquefy. It is then 
called burnt steel. Burnt steel cannot be restored to a normal 
state by any annealing process. It must be remelted. 

Tool steels, with carbon content between 0*9 and 1*6 per 
cent., can be relieved of internal strain and can be softened by 
heating and slow cooling from temperatures somewhat below 
the inversion temperature. To refine the structure it may be 
necessary to heat it sufficiently to dissolve the structure into 
austenite and then to cool quickly. This produces martensite 
and keeps the cementite in solution. Then heat for a time to 
750® C. just above the inversion point. 

This refines the steel, but does not precipitate the cementite 
out of solution, as the steel is not heated for too long a period. 
If the cementite is precipitated from the solution as spines or as 
a network it is hard to machine. 


CHAPTER V 


THE ELASTIC AND THE PLASTIC STATES OF 

METALS 

62. General Properties. — Each load-oxtension diagram 
shown in Chapter II records the history of a stretch from no-load 
to fracture. The microphotographs shown with them illustrate 
the inner structure of the metal before the stretching commenced. 
During the process of stretching the metal passes from a state 
in which stretch is proportional to the load into a state in whioh 
stretch increases more rapidly than the load. It may bo said 
to pass from a state of perfect elasticity into a state of iin])er- 
fect elasticity. In this section it is proi)OHed to consider the 
elastic state and the imperfectly elastic state into which the metal 
is transformed by stretching. 

The term elasticity means in a general sense the power of 
a metal to recover its primitive form after loading has boon applied 
and removed. The recovery may bo partial or complete. The 
power of complete recovery is lost when loading has once been 
applied above a certain limiting value peculiar to the material. 
Below this limiting value stretch is proportional to load. Above 
this limiting value stretch increases at a greater rate than the 
load. The stress at the limit is called the limit of proportionality. 
The limit of proportionality is not sharply defined. The 
metal merges gradually from a state of proportional stretch into 
a state of unproportional stretch. 

No metal is, however, quite perfect in its recovery, but the 
term perfect, used in the sense defined above, is convenient and 
substantially expresses the experimental results. 

The investigation of elastic property requires a high multi- 
plication of the extension. Consequently in the “ clastic 
recorder ” which I have designed and constructed the extension 
is multiplied 150 times. 
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63. The Dalby Optical Recorder of Load and Elastic 
Extension. — The recorder is shown in Eig. 120, Tho weigh 
bar W is coupled to tho tost piece T by tho muff-coupling M, and 
tho camera and light source are combined with them just as 
described above in soction 19, Chapter 1. There are slight 
differences in tho optical arrangements inside the weigh bar, but 
tl)(^ main difference is in the oxtensorneter. Tho pivoted urjus 
of tlui “ breaking n^oorder ” are replaco<l by arms balanced otn 
knife-edges, and thcire is a difh'rence in tho arrangement of tho 
lovers and poles. A lower levt»r C, carried in a horseshoe support, 
transmits the downward motion of the low(*r flange of tint tt'st 
piece upward, through the adjustable polo P, to a floating link 
lying under and jointed with tho upper lever A. Tho oentrt* of 
the floating lever transmits tho motion upward to tlu^ horizontal 
arm of a bcdl crank, not seen in the figure, and the vertical arm of 
the bell crank transmits the motion to tho optical system within 
the bar. ff’he chain of levers and polos is seen in tho figure 
in situ and ready for an experiment. 

A microHCojie 11 is added to tho instrument so that the pnxu’ss 
of extension can bo watched. It is focused on an iiuh'x attaidu'd 
to one of the moving links, and the movement of this index is 
watched against a micrometx'r scale within the ciyepiece, so that 
tht' stretch can be observed from the commencement through the 
range of the spot down the plat<», which corresponds to a stretch 
of about , of an inch. 

WInm the index is senm to move over the ('yepi(x;e scale from 
0 to 1 the spot of light has moveil vertically 1| inch down the 
plate and the gauge length of the test piec<' has stretched approxi - 
mately (lift of an inch. Wlum used in the hyilraulic maidiine 
described in section 24 the water power may be regulak'd to 
control the siieed at which the index moves across tho scale. If 
the power is shut off the index stops dead. When tlu' load is 
nunoved the index moves back and stops at a point on th<s scale 
corresfxmding to no load. 

If the load has not exiieoded the limit of jiroportioimlity tlu^ 
index will move back to the primitive zero. If the load has 
exceeded the limit of proportionality the index will come back 
to a new zero. 'I’he distance between the primitive zero and the 
now zero represents to some scale the [KU’inanenf. set <if the 
material. The control valves fitkxl to the machine (uiable the 
loading to lie stopped, to be removed, and to be reapplied as may 
be desired. The operator works the valves in olx'dituuie to the 
movement of the index seen in the eyepiece of the tnurroscopt*, 
which ho watches all tho time. 
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The apparatus is easily and quickly operated. A complete 
diagram showing not only the elastic line, but the effect of several 
removals and reapplications of the load, can be taken in a few 
minutes. The work of hours by apparatus hitherto available is 
done by the recorder in a few minutes. 

64. Typical Looped Diagram. — ^A diagram taken with the 
elastic recorder is shown in Fig. 121. The spot of light, starting 
from the origin 0, traced a straight line up to the point A, and 
then curved away to the yield at B. 

The point A marks the limit of proportionality. The point 
B marks the yield. 

The spot continued along its path after yield to C. At C the 



power valve was closed and the exhaust valve was opened 
slightly. The load leaked off and the spot descended along the 
curved path from C to D. The spot stopped dead atD when the 
piece was free from load. The power valve was then opened 
gradually and the spot moved upwards along the curved path 
from D to C, where yield occurred again, and then the spot con- 
tinued along the approximately constant load-path to F. Another 
loop was described, and a third and a fourth, before the range of 
the plate was exhausted. 

Comparing the lines OA and DC, both described from no load, 
it will be seen that the metal is in two different states. The path 
from 0 to A is practically straight. The stretch is proportional 
to the load. If the load is removed whilst the spot is travelling 
up this path the spot will travel down its own upward track and 
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come to rest at O. It recovers its primitive form after the load is 
removed. Its elasticity is perfect. 

But starting from D, the path is curved. The stretch in- 
creases at a greater rate than the load. If the load is removed 
the spot no longer travels down its own tracks, but strikes out a 
new path. It does not recover its form at D after the load is 
removed. 

This point may be illustrated immediately by means of 
Fig. 122. In this record the test- piece, in an overstrained 
and therefore in the imperfect elastic state, was stretched to C, 
and then the load was removed and reapplied, but loading was 
stopped when the piece stretched again to C. This was seen in 
the microscope. The index was allowed to move up to a definite 



line on the scale and then the power was shut off and the load 
removed. The process was repeated several times. 

Each time the loop described was smaller. There was a 
slightly increasing permanent set. 

The diagrams bring out the difference between the two elastic 
states, namely, the state in which the metal exists before it has 
been loaded beyond its limit of proportionality and the state 
produced by the overloading. 

But the diagram, Fig. 121, illustrates something more. When 
the piece has been stretched to C, although the metal is described 
as in the plastic state, it is not plastic in the sense that putty is 
plastic, but still possesses elastic property, though in an imperfect 
way. For when the load is removed at C the test piece shrinks 
to the dimension OD. A glance at the diagram will show that 
the imperfect elastic shrink is roughly equal to the perfect elastic 
stretch. Or more accurately : — 
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Tho proportionate olastic extension H- the plastic extension 
after the limit of proportionality has been passed is about oq^ual 
to tho imperfect elastic shrink + tho permanent sot 01). 
Measuring from tho diagram, we have approximately - 

Proportionate elastic extension 0-009 inch. 

Plastic stretch 0-007 „ 

Total t - 0-010 „ 

Also 

Unproportionato elastic shrink = - O-Oll inch. 
Permanent sot - - O-OOO ,, 

Total 0-010 „ 

The metal retains this imperfect elastic property right up to the 



0-33 por oont C., 3-68 jHir cent. Ni. 


point whore local contraction begins. This point is illustrated 
by Pig. 123, which is tho last of a series of plates, of which Pig. 1 2 1 
is tho first. Tho piece had boon stretched until its original gauge 
length of 5 inches had increased to 6-67 inches. The spot of 
light starting from Q (Pig. 123) described the curved path typical 
of overstrained material, and then at X stretching was stopped, 
and tho loop drawn. A part of the last loop before local con- 
traction sot in is just seen on tho diagram. 

Tho imperfect elastic shrink YZ is 0-0244 inch and tho per- 
manent sot QZ is 0-0127 inch. 

Tho load scales are identical in tho two diagrams. 
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65. Information to be gained from a Looped Diagram 
of Material in its Normal State. — To illustrate this, Eig. 124 
shows a diagram of a piece of 0-8 carbon steel cahbrated with 
its load scale. The elastic line and three complete loops were 
traced by the spot on the plate, and a loop within the second loop, 
and again a loop within the third loop, were traced by the partial 
removal and reapplication of the load. 

The extension scale of the original diagram is 1| inch = 
inch extension of the gauge length. 



Fig. 124. Carbon Steel. 


Data measured from the Diagram 

Limit of proportionality . . . about 7 tons. 

Yield 8-44 tons. 

Area of first loop 0*22 square inch. 

Area of second loop 0*26 „ „ 

Area of third loop 0*42 „ „ 

In this instrument 1 square inch of loop area represents 5 
foot-pounds. A load of 7 tons produces an extension of the gauge 
length of 0*00865 inch. 


Data measured from the Test Piece 

Diameter 0-6255 inch. 

Area 0*307 square inch. 

Gauge length 5 inches. 

Volume of gauge length 1*535 cubic inches. 


Deduced Results 


Stress at the limit of proportion- 
ality 

Stress at yield 


22-8 tons per square inch. 


27-5 








5 ? 
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Siiioo a HtresB of 7/0*307 tons por square inch produces an exten- 
sion of 0-008(lfi/5 - 0-00173 inch por inch of gauge length, the 
modulus of elastioity, 15, is in round numhors 13,200 tons per 
square inch. 

Work done in elastio hystoroHis during the dosoription of tho 
first loop : 0-32 x5 1-1 foot-pounds. 

This may ho reduced for comparison to work done por cubic 
inch of gauge length, which is 0-70 foot-pound. 

Tho results of tho calculations may l )0 arranged in tabular 
form thus : — 

F(iot-i»oim(lH of Work .Done 
por oubic! inoli of (biugo 
Ismgth. 


B'irst loop ()-7() 

Second loop 0-85 

Third loop 1-37 


This material has an ultimate strength of about 57 tons per 
square inch with a reduction of area at fracture of alxmt 30 per 
cent, and an extension of 15 per cent, on tho primitive gauge 
j length of 6 inches. Tho stress at fracture was 74 tons por square 

• inch. Those data are obtained from a record taken with another 

I instrument, tho instrument seen in Pig, 11. 

; It requires many plates to exhaust tho extension of a piece 

when only a few hundredths of an inch can be shown on each plate, 
but, as will be seen below, this has been done for a few materials, 
so that the further consideration of these loops will be for the 
[: moment deferred. 

The shape of the loop, its area, and rate of inoroaso arc 
i severally charaotoristio of a material. Tho next step in tho on- 

I ^ <iuiry is therefore to pass in review tho looped diagrams taken 

i from different kinds of material. 

i 66. Looped Diagrams of Various Metals .-—Records from 

i various metals are reproduced in tho following series of diagrams. 

Tho load scale is varied so that the diagrams from the weaker 
metals may be seen on a suitably largo scale. Tho extension 
scale on all the diagrams was originally, 1| inches measured 
horizontally on tho diagram represented an extension of i ,, 
of an inch of tho gauge length. 

Yorkshire Iron (Fig. 126).— -The limit of proportionality 
occurs at 2-6 tons (8-1 tons per square inch) and tho yield at 4-2 
tons (13-7 tons per square inch). There is a slight drop at yield. 
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and then the load goes on increasing to its maximum value, which 
for this material is between 21 and 22 tons per square inch. The 



Fia. 125. — ^Yorkshire Iron. 


area of each of the first two loops is small. This small loop area 
is. characteristic of good-quality iron. 

Staffordshire Iron (Pig. 126). — The limit of proportionality 



is reached at about 3^ tons (11-4 tons per square inch), and the 
yield at 5-1 tons (16'6 tons per square inch). The load then 
drops to about 4-7 tons. The loop area is distiuctly larger than 
in Yorkshire iron. This means that the hysteresis loss caused 
by the removal and the reapplication of the load is greater than 
in Yorkshire iron. 

Carbon Steel : Carbon 0-8 per cent. — ^Eig. 124 above shows 
the diagram from a piece of this steel of normal quahty. A 

K ^ 
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subseq^uent delivery of the same steel was expected to give a 
diagram of the same type, but the record actually obtained is 
seen in Fig. 127. The limit of proportionahty is reached in this 
material at 3 tons (10 tons per square inch instead of 22*8 found 



•noo VlOO 

Extension, 

Fig. 127. — Carbon Steel. 


in steel of the normal quahty) and there is no definite yield-point. 
Clearly the diagrams establish the fact of a grave difference in 
quality of metal nominally the same. Between the two deliveries 
there must have been some change in the manufacturing process. 




Vm 

Extension. 

Fig. 128. — ^Nickel-chrome Steel. 


Nickel Chrome Steel (Fig. 128). — The yield is gradual and 
the loop area is small, but the rate of increase of loop area is 
rapid. The ultimate strength of this material found (from a test 
piece 1 inch diameter) is 54 tons per square inch with an exten- 
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sion of 14 per cent, on 8 inches and a reduction of area of 55 
per cent. The limit of proportionality occurs at a load of 10 
tons (32-5 tons per square inch), and yield sets in at 11 tons 
(36 tons per square inch). 

Nickel Steel. — The ultimate strength of this material is 
about 48 tons per square inch with an elongation of 20 per cent, 
on 5 inches and a contraction of area of 47 per cent. The limit 
of proportionality is at 30 tons per square inch and yield at 32 
tons per square inch. Fig. 121 above shows a looped diagram 
of this material. 

Zinc (Fig. 129). — Diameter of test piece, 0*8 inch. Gauge 



length, 5 inches. The material was cut from a zinc rod. The 
line curves away from the origin, and there is no limit of 
proportionality. The loops are large and show relatively great 
hysteresis loss. The material continues shrinking after the 
load has been removed. This is shown by the flat base of 
each loop. It is shrinking under the action of its own molec- 
ular forces because it is entirely free from external load. Im- 
mediately after the removal of the load the shrinking continues 
at a rapid but decreasing rate. In 1 minute the rate has become 
almost imperceptible. In IJ minutes shrinking stops. The 
material has found internal equilibrium. 
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Tin (Eig. i>iiimt'tOT ut twt {tU'oe, O-B inch. Oaugo 

longfcli, 5 'Hio inat<'rial wm cmt from a tin nnl. Tlici 

diagram in like tha (liugrum for kjik’, l>iit on a Htnallor Hcalo. It is 



a wemkor inatorial. It HlirinkH, m wm in tho diagram, nftor tho 
kiad haa l>w'n t'litirt'ly ramovod. 

(]<>ppc‘r : Ture ami Frtm from Arsenic (Kig. IHl). Dia- 



mottJr of Uwt pitwi*, O'H inoh. Oaugo length, ti inclioa. Thor© 
no diatinguiahabio limit of proportioimUty. Tho loop oron te 
«mall and tho rat 4 ' <>( inortaiat) ia nmall. This ia a gcnoral oharao- 
toriatio of all tho wimploH which I have tewtod. 'riio small 

hyatoroain Iohh tip|Kuir« to bo idoatili«*d with tho (juality of tough- 

Copper: Arsenical (Fig. 132). - Diameter of Uwt pioco, 
0-8 inoh. GSaugo length, 5 itushoa. Tho cifoot of tho arsonio 
k romarkablo. It Hoomg to give to tho copiKsr an elaatio line with 
a limit of propfjrtUmality at about 1’4 tona (2’8 tons j>or equaro 
inch). Them is no Hvuhioii yield. Tho loop area is Hinali, and 
the rnt(! of increase Hinall. Tho load was removed and roappliod 
three times before increasing the load beyond M tons. The spot 
returned each time iiccurately in its own tnuska, showing that tho 
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limit of proportionality had not been reached. Comparing this 
with the previous diagram, it will be seen that with pure copper 



looping begins when the load is removed and reapplied from 
even a small value. 

Brass (Fig. 133 ). — Test piece of normal dimensions. The 





Moo 
Extension. 

Fig. 133. — Brass. 


material was cut from a brass rod. The composition was found 
to be about 60 per cent, copper and 40 per cent, zinc, with small 
traces of iron and lead. There is a definite limit of proportion- 
ality at tons (7-33 tons per square inch), and yield continues 
gradually to the maximum load. The loop area is relatively 
large. There is no shrinking at no-load, although the material 
contains such a large proportion of zinc. The ultimate strength 
of this material is about 33 tons per square inch. 
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Phosphor Bronze (Fig. 134). Tost picHso of normal <Umon- 
sions. Tho ourvo in this diagram hIiowh a limit of proportionality 
at about 2 tons (0’{> tons ptir square inoh). although it is difficult 
to locate tho point exactly IxscauHO the yic'hl la^gins ho imper- 
ceptibly and oontinuoH so gradually. 1'he loop ar<«v is small and 
tho rate of increase deliniti'. 

Examined und(tr a larger seahs it is doubtful if any true limit 



of proportionality would b<* fotmd. Strictly, the tnodidus of 
claHticity of alloys can mdy be defint'd as the slope of the tangejit 
to tho curve at the origin. 

67, Loop Area andi Permanent Set. - As mentioned above, 
it requires many platos to exhaust the ext(»nsion of a normal kmt 
piece when only about ^ of an inch can be shown on one plate. 
Tho experiments have howevt'r been made for a few materials, 
including 0*8 carbon steel, nickel skssl, mild steel and iron. Tho 
experiment is stopped when hwal oontraetiou s(»ts in. 

Tho rcsvdt of such an exiwriment is s«Hm in Fig. I3r>. Tho 
material is 0-8 carbon steel. The (sapital h'tksrs along the pro- 
cession of loops in Pig. 135 refer to fbt) sequence of negatives. 
Tho usual time ink^rval between sutuawsivti plates is tlie time 
required to change tho plate in the camera. A scale is placed 
under tho loops so that the permanent set of the j)rinutivo 5- 
inch gauge length can bo read olT at any point in the procession 
of loops. For example, tho pertnanent set at tho end of looping 
operation recorded on tho soquonoo of plates ABCl) is tho dis- 
tance 0^ 0-137 inch. 

Soleotod loops from tho procession are shown in B'igs. 136 to 
139. Tho elastic lino and tho first and second lotips are seen in 
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Eig. 136. The area of the first loop represents an energy loss of 
0-42 foot-pounds ; of the second loop, 1*15 foot-pounds. 

After taking plate P the experiment was stopped. The test 
piece was removed from the machine and was laid aside. After 
six days rest it was put back, and the stretching was continued. 
The first hne after the rest is seen in plate G, Fig. 138. There is 
no elastic recovery. The inner state of the metal is as it was. 
Fig. 139 shows the last plate of the procession. The gauge 
length had stretched about 0-8 inch, and the experiment was 
stopped because there were signs that fracture was imminent. 

68. Curves of Loop Area and Permanent Set. — It wiU be 
noticed in Fig. 135 that the loop area increases with the stretch 
at first rapidly, and then at a slower rate. 

In Fig. 140 the area of each loop in the procession is plotted 
vertically against the corresponding permanent set. A capital 
letter identifies the first loop area on the plate corresponding to 
the letter. For example, the point close to D shows that the area 
of the first loop on plate D is 0*92 square inch, and that the 
corresponding permanent set is 0*105 inch. 

The dotted curves are drawn through the ends of the ordinates, 
giving the loop areas on the plate identified by the capital letter 
near its first loop. These dotted curves do not run into one 
another to form a continuous curve. There is some process going 
on within the metal which, in the short time required to change 
the plates, results in the first loop on the new plate being slightly 
smaller in area than the last loop recorded on the precedmg plate. 
Whatever the process may be it soon exhausts itseK, as wiU be 
understood from a consideration of the place in the diagram 
occupied by the group of areas measured on plate G. Although 
there was an interval of six days between the taking of plate F and 
G, the group of areas recorded on plate G have not lost their place 
in the diagram. They range with the others. 

Curve No. 1 is drawn through the upper ends of the dotted 
curves and towards the end through the average position of the 
dots. This curve brings out the trend of the loop areas and in 
fact establishes : — 

1, that there is a general rate of increase of loop area 
peculiar to the material ; 

2, that the loop area tends to a maximum value as stretching 
proceeds. 

A scrutiny of the loops of the diagrams Fig. 125 to 134 shows that 
the rate of increase of loop area differs considerably in different 
materials. 

Curve 1 (Fig. 140) adds the additional mf ormation’ that loop 
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area may bo oxpoctod to tend to a maximum value. Thia value 
for tho 0-8 stool of curve 1 is 7-51 foot-pounds j)er loop per cubic 
inch of tho material in tho primitive gauge length. 

Nickel Steel. Curve 2 shows the residts of a series of expori- 
m(uits on nickel steel. Tho general rate of increase of area differs 
and the maximum value of tho loop area is smaller. Its value is 2-9 
foot-pounds per cubic! inch of matc'rial in thet primitive gauge length. 

Mild Steel containing 0T5 Carbon. The s(!quence of plates 
A, B, C, 1>, kl, F, was taken in twenty-throe minutes. After 
taking F, the experiment wivs stoj)ped ancl resumcMl in fifteen days 
time. Tho sequence was then plates G, H, I, .T, K, and then a 
stretesh to fi-83 inches ; plates L and M, and then a stretch to CT2 
incihes ; finally plate N. 

It will bo soon from Curve 3 that after fifteen days rest tho 
loop area has vanished. The material loft in tho imperfectly 
elastic state has been transformed into tho perfectly elastic state 
by mere lafise of time. Tho spot moved away from tho origin in a 
straight line, and to all appearances the material of tho tost piece 
was fresh, and had never boon strained beyond its elastic limit. 

But tho rapid inoreaso of loop area to the normal area on plate 
K revealed that the material had been previously over-strained. 

T'ho rate of increase of loop area is thus able to give valuable 
information of the previous history of tho stool, provided a normal 
curve of loop area and permanent set is available for com- 
parison. The maximum loop area of this material is l-G foot- 
pounds per cubic inch of material in tho primitive gauge length. 

The results of experiments on iron are plotted in curves 4, 
and 6* 

69. Influence of Time.— -When a metal has boon overstrained 
its power of recovering its original form is lost. After tho load 
is removed it returns partly towards its primitive form, but stops 
short of it by tho perman<!nt set. 

It is found that metals differ remarkably in this respect. If 
tho metal is iron or mild steel, proportional elasticity is slowly 
recovered with lapse of time and the recovery is aocoleratod by 
J)oiling. This is exemplified by Curve 3, which shows that a piece 
(Of mild stool, .overstrained,, and then loft to itself for fifteen days, 
was foimd to be perfectly elastic when testing wtrs recommenced. 
This property of irons and mild steels is however well known and 
was established by Sir Alfred Ewing. See Fhil. Tram.., 1899. 

In a paper by tho author t it is shown that this slow 

’* “ on tho Klastio Proporth* iimf tho Mastjic KxtfiUHie© 

of Motttls,” Fhil. Tram., Soric's A. Vol. 221, pp. 117-138. 

t Phil. Tram., Ht'rios A, Vol. 221, 1920. 
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recovery by lapse of time or by moderate heating is by no 
moans true for all materials. The diagrams, Eig. 137 and 13H, 
illustrate this point. They show that a lapse of time of six 
days had negligible influence on the overstrained state of a piece 
of 0-8 carbon stool. It was loft imperfectly elastic after a test 
and it remained in that state until testing was resumed six days 
later. A time-interval of six days may not seem sufficient to 
test the point, but other tests with an interval of rest of about 
a year confirm the result. 

Nickel stool fails to recover its elasticity by lapse of time or 
by moderate heating. Details of one experiment with a 3-0 
nickel steel containing 0-33 per cent, of carbon are recorded in 
Fig. 141. The first pull on a normal tost piece of this material 
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is marked by the letter A. The limit of proportionality is reached 
at 8 tons, 26 tons per square inch, and the yield at 9-26 tons, 30 
tons per square inch. 

The test piece was stretched 2 per cent, and then a second pull 
was taken, and the result is shown by curve B. Proportional 
elasticity had disappeared. Curve C is the record of a pull after 
a 6 per cent, stretch. Curve D is a repetition test after turning 
the bar to a slightly reduced diameter. The time interval 
between C and D is twenty-four hours. No restoration of elasti- 
city has taken place. And it has been established by other 
experiments on the same material that a lapse of several months 
has no effect. The piece was then boiled for one hour, and the 
tost curve E shows that the boiling has not produced elastic 
recovery. 

Pinally the piece was heated in a muffle furnace to 650° C., 
and was kept there for half an hour, and was then cooled with the 
furnace. Lino P, taken immediately after this treatment, shows 
perfect elastic recovery with a slight raising of the limit and the 
yield-point. 

Contrast the curves of Fig. 141 just considered with those of 
Fig. 142, showing the results of tests made on a tost piece of mild 
stool carbon 0-16 per cent. A is the record of the first pull ; I) 
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is the record after the piece had been stretched 2 per cent. ; P the 
record after a stretch of 4*2 per cent. Then the piece was taken 
out of the apparatus and laid aside. After fifteen days rest it 
was retested and G shows the result. The elastic recovery is 
complete. Lapse of time alone has transformed the imperfectly 
elastic line E into the perfectly elastic line G. 

The influence of time on the elastic recovery thus depends 
upon the metal. Iron and mild steels are influenced profoundly. 
Alloy steels and high- carbon steels are hardly influenced at all. 
These materials must be heated to a relatively high temperature 
to restore imperfect to perfect elasticity. 

70. Looping under Constant Load.— The diagram, Pig. 143, 



Fig. 143. — Looping under Constant Load. 0*8 Carbon Steel. 


shows the effect of looping under constant load, the material 
used being 0*8 carbon steel. 

The test piece was placed m a Buckton testmg machine and 
the load was applied gradually until yield began at 7*86 tons, 
and then loading was stopped. Extension was allowed to proceed 
under this load for four minutes, and then the load was removed 
and reapplied to the same value. The spot of light traced out 
the loop marked 1 in the figure. 

Extension under the load, still 7*86 tons, went on slowly, and 
loops 2, 3 and 4 were taken at intervals of twenty, thirty, and 
sixty minutes respectively. The load was then maintained 
dxiring an interval of seventeen hours twenty minutes, and then 
loop 5 was taken. During this long interval the gauge length 
stretched about yuVir inch. 

Comparing these loops, it will be seen that there is no recovery 
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of proportional elasticity during a gradual stretch of about 
twenty hours under the yield load of 7-86 tons. The inference 
is that if the yield load is kept on the test piece until it has 
stopped extending, a process which may take a long time, the 
material does not recover its elastic state but continues in its 
state of imperfect elasticity. The behaviour of iron or mild steel 
under this test would probably be different. 

71. The Practical Utility of the Looped Diagram. — 
A record showing the elastic line and a few loops may be of 
great practical utihty in industrial applications. The diagram, 
from normal material satisfying known conditions of composition 
and manufacture, may be used as a diagram of comparison. 
The form of the curve, the loop area, and the rate of increase are 
all sensitive to changes in the material and to changes in the 
inner state of the material. The effect of subjecting a material 
to different processes of heat treatment can be studied by means 
of a diagram of this kind. 

The diagram is also useful in showing the load at the hmit of 
proportionality, for this load bears neither a constant relation 
to the yield-point, when there is one, nor to the ultimate load. 
Consequently factors of safety reckoned against either the yield 
load or against the ultimate load are ambiguous. 

The diagram may be found useful to the engineer and metal- 
lurgist, especially when used in conjunction with a no-load to break 
diagram, in co-ordinating the results of the many different tests 
now made to ascertain the quality of metals. In Chapter II 
it has been shown that the form of the no-load to break curve 
quite definitely discovers whether the metal is in the overstrained 
condition. The elastic and looped diagram gives additional aid 
in this respect. 

But it promises help in another direction, which has not yet 
been fully explored. It is probable that the limiting range of 
stress in fatigue has for its positive value the stress equal to the 
limit of proportionahty, at any rate to a first approximation, 
belonging to a material in its normal state. If this can be 
established then the upper fatigue limit can be discovered by an 
inspection of the elastic record. 

For example, referring to the diagram for iron (Fig. 126), it 
will be seen that the limit of proportionality is about 3^ tons, 
corresponding to 11-4 tons per square inch. Eight test pieces 
of the same material were independently tested for fatigue limits 
at the National Physical Laboratory by Dr. Stanton, and it was 
found that after applying in the aggregate 24,000,000 alternations 
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of load, the limiting range of stress in fatigue fell between i 
10 J and ± 13 tons per square inch. 

The average value of the upper limit in fatigue is therefore 
11-75 tons per sq[uare inch. The limit of proportionality found 
by inspection of the elastic diagram, namely, 11*4 tons per square 
inch, is thus within the limits actually found and approximates 
closely to the mean value. 

If this result could be generalized it could be asserted that a 
load elastic extension record shows the positive value of the 
fatigue limit. The long and tedious experiments with alternating 
loads, although necessary for scientific research, would be unneces- 
sary in practice. Such an assertion requires to be fortified by 
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satisfactory comparisons over a wide range of materials. This 
therefore is a promising field of research. 

72. Push -and -pull Diagrams. — ^A useful type of diagram 
is shown in Fig. 144. It may conveniently be referred to as 
a push-and-pull diagram, because the test piece is alternately 
compressed and stretched. 

The diagram is taken with the instrument shown in Fig. 120, 
fitted in a hydrauhc machine like that seen in Pig. 16, except 
that the hydraulic cyhnder is made to be double-acting and the 
control valves are suitably altered. The weigh bar is secured 
in a top mounting so that it can take either a push or a pull. 
The test piece from which the diagram. Fig. 144, was taken is 
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shown, in Fig. 146. The diameter of the cylindrical part is 
0-626 inch and the gauge length between the flanges is 2 inches. 
After the test the piece ran between lathe centres with almost 

perfect truth, showing that there had 
been no lateral bending. In fact, the 
error was not more than may bo found 
when a test piece is run between 
centres after a test wholly tensile. 

The test is apphed in this way. 
Looking into the microscope attached 
to the instrument, a field of view is 
seen like that shown in Fig. 146. 
When the adjustments are correct the 
spot of light is in the centre of the 
camera plate when the index is at 
the centre of the field. 

Watching the index through the 
microscope the tension valve is slowly 
opened and the index is soon to creep 
to the loft. When it roaches a pre- 
determined value on the stretch scale 
the valve is closed and the stretching 
stops and the test piece is held in 
tension under the load corresponding 
to the stretch. 

The pressure is then relieved and 
the compression valve is opened and it is kept open until the 
index has reached an assigned value on the compression scale 
to the right of the zero. The valve is 
then closed and compression stops and 
the test piece is held under the load 
corresponding to the compression. The 
pressure is then again reheved and the 
tension valve is opened for a second 
time and kept open until the index 
reaches an assigned value on the stretch 
scale. 

The test piece can thus be loaded 
between increasingly wide limits in ten- 
sion and compression. The test is ended by bringing the index 
back to the central zero, and finally removing the load. 

When the index is at zero, the test piece has boon brought 
back to its primitive dimensions in respect of gauge length, but 




Pio. 146. — ^Test Fieoe. 
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it ia still in a state of stress. When the load is relieved the piece 
returns to a state of no stress and its primitive form changes to 
dimensions corresponding with the amount of load removed. 

Turning now to the diagram, Fig. 144, the tost cyolo wjis 
designed to stretch and compress the tost piece within the (dastio 
limit and then to stretch and compress it after the elastio limit 
had boon passed and tins metal had become plastic. 

In looking at the diagram it may bo remembered that the 
total stretch shown is about ^ g (, of an inch and the total com- 
pression shown is the same. 

The first pull displaced the spot of light from zen) to A 
and produced a load of 5 tons, 16-3 tons per square inch. The 
removal of the load displaced the spot down the same path back 
to zero. There is no trace of looping. 

The first push displaced the spot from zero to B. The removal 
of the load displaced the spot back along the same path to zero. 
There is no trace of looping. The spot has moved between the 
approximate limits of -t- 5 tons and — 5 tons along a straight 
lino showing that the modulus of elasticity is the sjime in tension 
as in compression and that the range of stress ax)plied is well 
within the limits of elasticity. 

The second pull carried the load beyond the yield at C and 
displaced the spot from zero through A and C to D. The removal 
of the load disx)laced the sx)ot from D along an imi)orfootly elastic 
lino to E. 

The second push displaced the spot from E to F. The more 
reversal of the stress has jwovokod an altogether different response 
from the tost piooo. From D to E the path is nearly straight. 
From E to F the path bends and shows a compression approach- 
ing the perfectly plastic conditions. 

The removal of the load displaced the spot from F to G and 
the kind of response changed from the plastic to the imi)orfeotIy 
elastio. 

The third pull displaced the spot from G to H and the path 
shows a stretch approaching the perfectly plastic condition, 

Eemoval of the load and the third push displaced the spot 
from H to I. 

Removal of the load and the fourth pull displaced the spot 
back to J. 

The gauge length then had returned to its primitive dimen- 
sion. The removal of the load displaced the spot to K. The 
distance OK is the pennanent set produced by the cycle imposed 
on the test piece. 
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73 . The Yield In Compression . — Fig. 147 shows a push-and- 
pull diagram from a test piece of equal dimension with and of 
the same material as the test piece from which the diagram Fig. 
144 was taken. 

The loading was applied so that the material was broken 
down in compression. 

The first push displaced the spot from zero to A, and produced 
a load of 4J tons, 16-5 tons per square inch. 

The relief of the load and the first pull displaced the spot 
through zero to B, producing a load of 6 tons. 

The relief of the load and the second push carried the load 
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Via. 147. 


beyond the yield at 0 and displaced the spot through the zero 
A and 0 to D. 

The relief of the load and the second pull displaced the Spot 
from D through E to F. 

The relief of the load and the third push displaced the spot 
from F through G to H. 

The relief of the load and the third pull displaced the spot 
from H through I to J. 

The relief of the load and the fourth push displaced the spot 
from J through L to M, the centre of the scale, and therefore 
the gauge length was reduced to its primitive dimension. 
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The relief of the load displaced the spot from M to K. OK is 
the permanent set of the gauge length produced by the cycle 
imposed on the test piece. 

Comparing the original plates together the slope of each 
elastic line is the same and corresponds to a modulus of elasticity 
of 13,200 tons per square inch both in tension and compression. 

The yield in tension took place at 7*2 tons, 23*4 tons per 
square inch. The yield in compression took place at 7*75 tons, 
about 25 tons per square inch. 

Comparing the diagrams, it will be seen that the phenomena 
of yield is much the same in tension as in compression, except 
that the breakdown is not quite so sharp in compression. After 
the yield has been passed both diagrams show the characteristic 
that an increasing load provokes a plastic response from the 
material, while a decreasing load is nearly elastic in the sense that 
the path is nearly a straight line. 

74. Torque Twist Diagram. — ^A diagram showing the 
relation between torque and twist is shown in Eig. 148. The 
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describing point of light moves proportionally to the torque, 
vertically, and proportionally to the twist of the gauge length, 
horizontally. Any point on the curve therefore fixes by its 
ordinate the torque on the test piece and by its abcissa the twist 
which that torque has produced on the gauge length. 

The diagram was taken with the apparatus described below 
from a mild-steel test piece | inch diameter. The gauge length 
on which the twdst was measured was 2 inches. Starting from 

L 
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zero tho Hpot of light firot movod along the utraight path to A 
as tho torque wan gnulually intiroaHod from zero to about 1’5 
inoh-touH. Tho ttirquo waa then rtunovod and tlu% npot retraood 
its path baok to zero. A negative torque, inoreaHing gradually 
to • 1 inoh-ton approximately, displaced the spot down the 

straight path to R ; and its removal displaced tlie spot back 
along the same path to zero. 

So far the twist is proportional to tlie torque. Measuring 
from the original j)lat<»s, it was found that a torque of I -2 ineli-tons 
produces a twist of ()'47r> (h'groes on tlie gauge length of 2 inelu's. 
Let T bo the torque in inch-tons whicli produces the twist 

0 degrees on a gauge length of L inches. 

Let I be the polar moment of inertia of the section of 
tho test piece. If d is tho diameter of tho test piece, then 

1 r : „„„ : 0 0575 when the diameter is Z inch. 

32 

Lot C bo tho modulus of rigidity of the material, tons-inch 
units. 

Then C can be oaloulattvl from the well-known relation, 

57-3TL 

01 

This reduces to C 5030 with T ^ 1-2, 0 0-475, L 2, and 

I 0-0575. 

liciapplying the torque, the material yields at 1*83 inoh-tons 
and tho spot is disithiced to G through tho point A. 

Lot / bo the maximum shearing stress in the material corre- 
sponding to tho yield torque 1-83 inch- tons. 

Let Z bo tho modulus of the section, which for tho circular 

section of tho test piocio is — ™ 0-1315 when d is \ inch. 

Then / can be calculated from the well-known relation, 

. T 


This reduces to/ 13-0 tons per square inch with T - 1-83 
and Z 0-1315. 

This is a measure of tho yield of tho material in shear. 

Removal of tho torque displaced tho spot along tho almost 
straight path to D. Tho operations so far have produced a 
pormnnont twist OI). A lu^gativo torque displaces tho spot 
from I) to E, tho material again bn-aking down at about 1-8 
inch-tons torque. The twisting of the tost piece between inoroas- 
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iiigly wide limits by alternately removing and reapplying 
positive and negative torques is continued until the diagram seen 
in the figure is complete. 

Comparing this diagram with a push-and-pull diagram, there 
is a striking similarity in form. Both show an elastic line and 
a limit of proportionahty. Both show a definite yield of the 
material, followed by a plastic flow. Both, after yield, show an 
imperfectly elastic line when load or torque is removed. And 
both show an imperfectly elastic line merging rapidly into a 
plastic curve and a new yield with increase of load or torque. 

Torque-twist diagrams from cast iron, brass, high-carbon 
steel, copper, are similar in general form to that shown for mild 
steel. 

The following data have been deduced from such diagrams. 



C, Tons per 
Square Inch. 

/, Tons per 
Square Inch. 

Mild steel 

5030 

13*9 

0*8 carbon steel 

5400 

170 

Cast iron 

2240 

2*4 doubtful 

Brass rod 

1282 

4-8 doubtful 


The values under / are not the ultimate shearing strengths 
of the materials, but the shearing stress corresponding to the yield 
torque. 



148 STRENGTH AND STRUCTURE OF METALS 


75. The Dalby Torque Twist Recorder. — A general view 
if the instrument is shown in Fig. 149. A test piece T is seen 
standing on end in front of the apparatus. To the right is a 
torque tube w on end. The torque tube is provided with a jaw 
at one end and a flange at the other, both solid with it. 

A test piece T and a torque tube W are in place in the 
apparatus and ready for a test. The test piece is secured 
to the torque tube by the set screws shown. When secured 
together any torque applied to one is equally applied to the 
other. The torque on the torque tube is thus a measure of 
the torque on the test piece, since it is so proportioned that 
its limit of proportionahty in shear is never exceeded. The 
torque tube is permanently secured to the frame by its flange. 
It is carefully set up so that the cylindrical shding poppet head 
F is accurately in line with it. 

To put in a test piece, the sliding head F is drawn back and 
one end of the test piece is pushed into the jaws of the torque 
tube registering there by the turned spigot on its end. Then 
the sliding piece is pushed up until the turned spigot on the 
other end of the test piece registers in it. In this way the axis 
of the test piece is placed accurately in line with the axes of the 
torque bar and the sliding head F. The set screws are then 
tightened up on the flats of the test piece. 

Torque is applied to the test piece by turning the handwheel 
H. The twist produced is watched in the microscope M on a 
scale like that shown in Fig. 146. 

The spot of light focused on the camera plate P from the 
source S describes the torque-twist diagram as the torque is 
applied and varied. The beam from the source S is reflected 
successively from two mirrors of an optical cell of the same t57pe 
as that used with the load-extension instruments. The optical 
cell is dropped in place after removal of the cap 0. 

The lower mkror of the optical cell is connected by a system 
of levers to the torque tube so that an angular twist of the tube 
produces an angular displacement of the mirror and therefore a 
linear displacement of the spot across the plate proportional to 
the torque. The connecting levers are so designed that only 
the torque is transmitted to the mirror. Any bending of the 
torque tube is cut out and does not affect the mirror. The upper 
mirror of the optical cell receives an angular displacement pro- 
portional to the twist of the gauge length. 

The gauge length is defined by two flanges turned on the 
test piece. A hole is drilled in one flange and a slot in liue with it 



PLATINI XXXVI 


To face p. 148. 


Kmu Mi). 'PIh' Dulby ^ronjiu^ Twini Jitu^ordor. 



ELASTIC AND PLASTIC STATES 


149 


is cut in the other flange. A triangular plate C (Eig. 149) with 
three pointed legs is used to transmit the relative twist of the 
flanges to the vertical lever L, which by means of a light pole 
engages the upper mirror of the optical ceU. 

The plan of the plate on the test piece is shown in the normal 
and in a displaced position in Eig. 150. 

Leg No. 2 rests in the hole in the flange. Leg No. 1 rests in 
the slot of the other flange. Leg No. 3 rests in the slot in the 
bottom end of the lever L. This slot is at right-angles to the 
slot in the flange of the test piece. Any small twist of the 



Fig. 150. — Plan of Triangular Plate. 


gauge length is by means of this plate transmitted to the upper 
mirror of the optical cell and so moves the spot of light up or 
down the plate proportionally. 

The whole of the recording apparatus, the camera and the 
source of light and the microscope, are carried by a framework 
secured to the end of the torque bar projecting beyond the flange. 
All these parts are therefore free from strain when the torque is 
applied because it is passed from the bar to the frame through 
the flange and bolts securing it to the main frame of the 
apparatus. 

The torque bar is calibrated directly. A bar is placed across 
the end of the tube in its slotted end and is secured there by the 
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set screws. The sliding head F is fitted with a centre, like a lathe f 

centre, and is pushed up so that this centre engages a centre 

hole drilled in the face of the cross-bar. Known loads are applied 

in succession to the bar at a known radius, and for each load 

the displaced spot is moved across the plate and so traces out a 

line of known torque value. The torque scale printed with the < 

diagrams was found in this way. 

The twist scale is found from a specially prepared test piece. \ 

Instead of one slot being milled in the left flange, several are cut 
at a known angular distance apart. The cutting of these slots 
in a modern milling machine is an operation of ease and accuracy. 

Then No. 1 leg of the triangular plate is placed in these slots in 
succession and the spot is moved so that it traces out a line on 
the plate corresponding to each slot. 

The apparatus is easily worked. A torque-twist diagram ^ 

like those illustrated can be taken in about two minutes. The 
torque may be applied by any method which may be found 
convenient. In Fig. 149 a single worm and worm-wheel ^ 

is shown. A double-geared worm-gear may be fitted, hand- 
operated, or it may be operated by a motor. 

Many types of diagram may be taken. The type shown is a 
continuously widening limit of twist. This is a useful type, sine 
it enables the elastic characteristic of the material in shear to be 
deduced from it with quickness and ease. It shows the limit of 
proportionality in shear, the yield torque, and the slope of the 
elastic line gives the modulus of rigidity as illustrated above. 

76. Comparisons and Conclusions. — Glancing at the 
looped diagrams. Figs. 121 to 134, one property of metal is 
revealed by all of them. And this is, that after the limit of 
proportionahty has been passed, the response of the metal to the 
removal and the reappheation of a load is an absorption of energy 
represented by an area. Other things being equal, the magnitude * 

of the area depends upon the kind of metal. The loops vary 
from small sizes in soft iron to large sizes in high-carbon steels I 

and to even larger sizes in zinc and other metals. The 
curved boundaries of the area follow generally the slope of the 
elastic line of the metal, and this remains true up to the moment 
of fracture. 

Compare these looped diagrams with the push-and-pull f 

diagrams (Figs. 144 and 147). The response to the removal of ! 

load of either sign is the same as in the looped diagrams, namely j 

imperfectly elastic. But there is a remarkable difference when 
a load is reapplied of opposite sign to the load removed. Whereas, 
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as shown in the looped diagram, the response to the reapplication 
of a load of the same sign as that removed is an imperfectly 
elastic line, the response shown in the push-and-pull diagrams 
to the application of a load of opposite sign to that removed is 
mainly plastic. Thus we may say that an alternating load is met 
by an alternating response from the material. Response to 
removal is elastic, though imperfectly elastic ; response to an 
application of load of opposite sign to that removed is mainly 
plastic. 

Similar characteristics are exhibited in the torque-twist 
diagram (Fig. 148). Response to removal of a torque of either 
sign is imperfectly elastic ; response to an application of torque 
of opposite sign to that removed is mainly plastic. 

What is the explanation of this alternative response ? How is 
it that up nearly to fracture the metals keep elastic property ? 

Even when fracture is immiuent elastic shortening is visible 
to the eye when the load is removed. What is seen is the shorten- 
ing corresponding to the distance YZ (Fig. 123). The explana- 
tion rests on the researches of Ewing and Rosenhain and on the 
recent researches of Carpenter published in Proc, Roy. Soc., Vol. 
100, Series A, 1921. 

Ewing and Rosenhain established facts of primary importance 
to the science of metallography, and a f uU account of their work 
will be found in the Bakerian Lecture delivered at the Royal 
Society in 1889 and published in Phil. Trans. ^ Vol. 193, Series A, 
under the title The Crystalline Structure of Metals.’’ The 
particular part of their work which bears upon the question of 
the alternating response to an alternating load is that part in 
which they show that a crystal-block structure responds elas- 
tically to loading so long as the stress is within the limit of pro- 
portionality, but when this limit is exceeded the crystal structure 
slips along gliding planes within the blocks themselves. They 
recorded that when a polished and etched section is watched 
in the microscope the appearance of a particular block remains 
unchanged so long as the stress applied is below the limit of 
proportionality, but when this limit is exceeded, fine lines, and 
then, as straining proceeds, systems of lines crossing one another, 
appear in the field of view. These lines are held to indicate a 
serrated or stepped surface, the steps being produced by relative 
slipping along gliding planes within the blocks themselves. The 
authors named these fine lines slip -bands.* Slip bands occur 
in all metals as soon as plastic deformation takes place. 

* Proc. Roy. Soc. Vol. 65, March 16, 1899, page 85. 
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I have repeated these observations on a piece of Swedish iron 
kindly given to me by Sir Robert Hadfield. A thin flat test 
piece is fitted into a straining frame small enough to be carried 
on the stage of a microscope. One surface of this test piece is 
polished and etched. The normal unstrained structure is seen 
in Fig. 151. A turn of the straining screw and fine lines, the 
slip-bands (Fig. 152), appear across the blocks. A block near 
the centre of the photograph. Fig. 152, is seen under a magnifica- 
tion of 640 diameters in Fig. 153. This block measures approxi- 
mately inch long and g|"(y inch wide. The average dis- 
tance between the slip-bands crossing this block is of the order 
Tl o"oTr inch.. The shadows cast by the ridges suggest the 

stepped edges of the slipped layers. In cross-section the surface 
would be seen on edge, and this edge would look like the teeth of 
a saw, but somewhat unevenly spaced. The actual inclination 
of the slipped layers to the polished surface cannot be calculated 
without a section showing these teeth. 

Proceeding with the straining, the systems of lines seen in 
Fig. 154 appear crossing one another lilce a network. The 
magnification is here 120 diameters only, in order to give a general 
view of the strained inner structure on the standard scale. The 
structure seen in Fig. 154 is the result of straining the gauge 
length of the test piece about 6 per cent. 

Turning now to the recent researches of Professor Carpenter 
and Miss C. F. Elam, described in a paper entitled The Production 
of Single Crystals of Aluminium and their Tensile Properties,’’ 
Proc. Boy, Soc., Vol. 100, Series A, December, 1921, and already 
referred to in Chapter IV, Carpenter has succeeded in producing 
crystals of aluminium large enough to furnish test pieces 0*57 
inch diameter with a gauge length of 5 inches. Tested in the 
elastic recorder these single-crystal test pieces gave diagrams 
of the same kind as those from multi-crystal test pieces. There 
was the elastic line merging at yield into a plastic line, and loops 
were formed whenever the load was removed and reapplied. 
The value of the elastic modulus, calculated from the elastic line 
of the single-crystal test piece, was 4460 tons per square inch. 
The yield load of the single-crystal test piece was lower than that 
of the multi-crystal test piece. This is perhaps due to the fact 
that the amorphous network binds together a multitude of 
crystal blocks whose axial orientations are infinitely varied, so 
that the tendency to slip along planes of gliding in a given direc- 
tion is shared by comparatively few only of the total number of 
crystals. The remainder present their planes of gliding at angles 
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to the applied forces, so that the components of stress along the 
planes are below the slipping values. 

It may therefore be inferred from Carpenter’s researches 
that elastic response and plastic yield are properties of the 
crystalline structure itself and that these properties are independ- 
ent of the amorphous structure which binds the crystals together. 

There is one striking difference between the shapes of the 
fractures of single and multi-crystal test pieces. Although the 
single-crystal test pieces were circular in section and therefore, by 
analogy with multi- crystal test pieces of circular form, might be 
expected to show a cup-and-cone fracture, without exception the 
single-crystal test pieces drew out at fracture to the shape of a 
wedge. The inference from this is that a single-crystal test piece 
draws out to fracture along gliding planes. This is a singular 
confirmation of Ewing and Rosenhain’s work on slip-bands and 
it indicates that the cup-and-cone fracture so often seen in the 
circular test piece is a consequence of its multi-crystal structure. 

Carpenter’s work therefore enables us to base the discussion 
of alternating response to alternating loads on the ascertained 
fact that the elastic property of the metal resides mainly in the 
crystalline structure. The amorphous network is eliminated 
from the discussion. 

Let us now consider briefly the stresses which are brought to 
bear upon a crystal block forming part of a test piece. An axial 
load on the test piece produces on a section inclined to the axis 
a direct stress and a shearing stress. The shearing stress is a 
maximum on each of a pair of planes inclined about 45° to the 
axis of the test piece. Any crystal so situated within the mass 
of the test piece that gliding planes within its substance coincide 
with these directions of maximum shear is in danger of slipping 
along these gliding planes. If we isolate such a crystal block 
the stresses on its faces are equivalent to a pair of equal and 
opposite couples, together with the components of the direct 
forces as indicated in Z (Eig. 155). Each force and couple 
produces its appropriate action. Let us assume that the gliding 
plane along which the shearing resistance is the least coincides 
in direction with the forces of one of the couples, and let us con- 
sider the component distortion produced by the forces of this 
couple alone. This distortion will be typical of the resultant 
distortion of the crystal as a whole. 

Then a, Eig. 155, represents the unstrained crystal, whilst b 
shows the crystal deformed elastically by the shearing forces. 
Perfect elastic recovery is shown at c when the forces are 



Fig. 155. 


removed and elastic deformation of opposite sign at d, followed 
by elastic recovery e after the removal of the load, ''ii'his 


i, JElastic Strcdri: Posi tiire 


C, Zoad remotred ; 

no /icrmaneni set, 

d. ZyOad re-a/i/i/ied'; 

£lastlc Strain: . 


C, Zoad remoired ; no permamni set 


i. Loading continued , Plastic Strain /rtai/ttaincd, 
and Pl^tslic Slip reversed, 

J. Load removed, Hlaslic Tfcooverg, but 
’Plastic Permanent ASet; tVeguUve^ 


P /, Plastic /Strain and Plastic Slip : Positire 

Zoad remotred. Elastic Pecorery , 6ut 
plastic Permanent Set ; Positive, 

Iv. Zoad re-ofptUd , Elastic Strain ; lYegatiac, 
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imaginary cycle corresponds to the actual cycle 0 to A, A to 
0, 0 to B, and B to 0 in Eig. 144. 


4 
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The group of sketches f g h i j represent the deformations 
produced when the forces increase to values capable of producing 
slip along the gliding planes. The forces first produce elastic 
deformation like 5, and then a slip along a gliding plane pp as I 

indicated in /. Removal of the forces relieves the elastic strain 
but leaves the parts of the crystal in their displaced positions as 
indicated in g. Reversal of force produces first an imperfectly 
elastic deformation h and slip of opposite sign. Removal of the 
load again relieves the elastic strain but leaves the layers in their ; 

displaced positions. The imaginary cycle may be regarded as ^ 

equivalent to the actual cycle OCD, DE, EP, EG of Pig. 144. 

The combination of elastic deformation with plastic slip thus t 

explains the shape of the diagrams Figs. 144 and 147, and also the I 

torque-twist diagram Fig. 148. [j 

We may therefore conclude that an elastic strain is a deforma- il 

tion of the crystalline structure, but when this slip occurs the ; 

^ stress has reached the yield stress and the visible sign is plastic 
yield. Slipping comes on gradually, and this is shown by the 
difficulty of ascertaining exactly when it commences. A load 
on the test piece well below the yield load corresponding to the 
peak of the diagrams will produce slow yielding or creeping if * 

left on long enough. The term limit of proportionality might be j 

defined as the limiting load which is just insufficient to produce 
creep if maintained indefinitely. | 

It is generally assumed that relative sliding along a slip plane | 

breaks down the crystalline structure, in the immediate neigh- I 

bourhood of the glide, into amorphous material. As shown j! 

above, some materials, notably iron and mild steels, have the 
power at ordinary temperature, of recovering their elasticity after j 

overstrain, and it is inferred that they possess the power of ; 

healing the injury along the slip planes. 

Some metals require to be heated to high temperatures to 
bring back the elastic state after plastic deformation as shown 
above. It is still a matter of investigation why mild steel will, ‘ 

after overstrain, slowly heal itself at ordinary temperatures, or 
rapidly if boiled in water, whilst high carbon and nickel steels : i 

cannot do so unless the temperature is raised considerably. ^ 

There are many other questions which require investigation, * : 

assuming always that the slip theory is true. For example, 
when a slip has taken place, is the debris of the crystal structure * 

along the slip plane identical in quality with the so-called amor- | i 

phous material which forms the solid network in which the j ; 

crystal blocks are embedded and bound together ? Does the f ' j 
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debris when it recrystallizes unite the slipped parts along the 
plane by a crystalline mortar indistinguishable from the orystallino 
structure of the parts, or does it rebuild itself into the amorphous 
network, leaving the slipped parts of the crystal as individual 
but now smaller crystal blocks ? Or do the crystal boundaries 
of the slipped parts themselves become active along the plane 
and become the active rebuilding material ? Experimental 
data on these points are wanting. 

Reviewing the experimental data available, however, it is 
a fair conclusion that an overstrain is a combination of elastic 
deformation and plastic slip along gliding pianos within the 
crystals themselves, complicated by the power of recrystallization 
of the broken-down material at temperatures peculiar to the 
metal itself. And since it has been found, as explained above in 
Chapter IV that the severest cold- working fails to reduce the 
crystalline structure entirely to amorphous material, elastic 
property of an imperfect kind may bo expected to persist in , 
overstrained material right up to the point of fracture, as in 
fact is actually found. 

77. Working Stress and Factors of Safety. — Tho practical 
value of the load and elastic-extension diagram of a material 
lies in its power to assist in the selection of a working stress which 
leaves a known margin of safety. 

It is usual in practice to fix the working stress as a fraction 
of the ultimate stress or tenacity. This leaves tho margin of 
safety uncertain because the stress at which the inner structure 
begins to fail is not a definite fraction of the ultimate stress. Tho 
stress at which looping begins is a safer guide because it defines 
a stress cycle which if repeatedly applied will ultimately destroy 
the material. Whether after such a load cycle has been applied 
the material begins to heal itself, or substantially to repair tho dam- 
age done, either by lapse of time or by heating, is not a question 
of immediate importance to tho designer. Tho fact of paramount 
importance is that a stress cycle has boon defined which has 
begun to destroy the structure. Tho upper value of this cycle 
is not the yield stress as usually understood, nor is it any definite 
fraction of it ; neither is the upper value of tho cycle a definite 
fraction of the ultimate stress. It is a somewhat indefinite point 
called the hmit of proportionality, and it requires accurate testing 
to identify it. When this point is identified on tho diagram, 
then a stress cycle has been found which must never bo exceeded. 
The working stress should be chosen sufficiently below this to 
ensure a reasonable margin of safety. 
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For example, consider the diagram Fig. 125. The stress at 
which looping would begin is about 11 tons per square inch. 
Therefore at this stress slip begins and the crystalline structure 
begins to break down, and every application of the stress cycle 
continues the destructive process. 

The working stress to ensure a factor of safety of 3 is in this 
material 11/3 =3-6 tons per square inch. This is a real factor 
of safety and leaves an ample margin for contingencies between 
the working stress and the stress at which failure begins. The 
ultimate strength of this material is 22 tons per square inch, so 
that, reckoned on this, the apparent factor of safety is 6. 

A study of looped diagrams shows that it is not possible to 
formulate any general rule for the determination of the working 
stress beyond the rule that the load cycle which causes looping 
to begin is a safe guide to a working stress which will be con- 
sistent with a fairly well defined margin of safety. 


CHAPTER VI 

STRENGTH OF SCREW THREADS 


78. The Scope of the Research. — The experiments described 
in this chapter were communicated in 1918 to the British Engin- 
eering Standards Association. There was much discussion in 
Committee about the form of thread to be adopted in the Services, 
and the relation of strength to form was one of the questions 
raised. 

These experiments were devised by the author to make 
comparison of strength between threads of different lengths, of 
different forms, and of different materials, and also to investigate 
their modes of failure. A special extensometer was designed 
for measuring the extension of short test pieces, and this was 
combined with a weigh bar and camera to make a self-contained 
instrument for getting autographic records. 

The form of screw pair used in these experiments is shown 
in Eig. 166. The experimental part of the screw is a thread 
0-625 inch diameter and 14 threads per inch, trimmed to an even 
number of threads. This thread is turned on the end of a shank 
^ inch diameter and | inch long. The shank is turned solid 
with the enlarged end. The enlarged end is screwed 1 inch 
gas. This end is screwed directly into a connector in the head 
of the piston rod of the testing machine shown in Pig. 16. The 
nut of the pair screws directly into the muff-coupling of the 
load-extension instrument. 

The prongs of the fork of the extensometer span the shank and 
rest on the upper surface of the enlarged end of the screw. The 
extension of the shank and the yielding of the thread is measured 
by the vertical downward displacement of this an nul a, r surface, 
since the stretch of the massive parts of the nut is negUgible 
compared with the stretch of shank and thread. 

The screw pair fails either by the destruction of the thread, as 
in Fig. 157, or by the fracture of the shank, as m Fig. 168. The 
strength of the thread is thus always compared with the strength 
of a shank of constant dimensions, so that the load-extension 
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diagrams are strictly comparable amongst themselves when the 
pairs are made from the same material. 

Firstly, test pairs of mild steel were turned in order to com- 
pare the strengths of threads of the Whitworth form, but of 
different lengths. Secondly, test pairs of hard steel were turned 
for a similar set of experiments. Thirdly, test pairs of brass 
were prepared for a similar set of experiments. Fourthly, test 
pairs were prepared, all of mild steel. Some of the plugs were 
trimmed to two complete threads and some to three complete 
threads, and the thread form was varied. Fifthly, the modes 
of failure of two of the test threads were investigated. Lastly 
the effect of thread deformation on the inner structure was 
examined microscopically. 



Fio. 166— Screw Pair. Pig. 167— Thread Failure. Fig. 168.~Shank Failure. 

79. Comparison of the Strengths of Threads of different 
Lengths : Whitworth Form. 

Mild -steel Series. The mild steel used had the composi- 
tion : — 


Per cent. 

Carbon .... 0-16 

Silicon .... 0-057 

Sulphur .... 0-064 


Per cent. 

Phosphorus . . . 0-062 
Manganese . . . 0-99 


The results of a test on a 5-inch gauge length are tabulated 
below. 


Ultimate strength 
Yield .... 
Elongation . 
Contraction of area 
Stress at fractiure 


30 tons per square inch. 

23 „ „ 

30 per cent. 

64 „ 

56 tons per square inch. 
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Pairs were cut with Whitworth threads, 14 per inch, and the 
plug threads were trimmed on end to form a series of 1, 2, 3, 4, and 
5 complete threads on five of the plugs respectively. The load- 
extension diagrams of the five pairs are shown together in Fig. 159, 
each plotted from a separate zero of extension to facilitate com- 
parison, The diagrams in the figure are reproduced 1 J times the 
actual size of the diagrams developed on the negative taken with 
the instrument. 

Consider the diagram from the two-thread pair. The length ab 



Pitch ofThread-VU* •b7l4- 


0 ve" s/fe” 

“ EXTENSION' IN Inches 
Fia. 159. — ^Load-extension Diagrams of Five Mild-steel Pairs 
(Whitworth Thread). 

represents the extension of the shank and the yielding of the 
threads in contact, produced by a load of three tons. The 
yielding of the two threads in contact is large in comparison with 
the elastic yielding of the shank. For when the pair is screwed 
together by hand, contact takes place between the thread of the 
plug and the thread of the nut at five separate points. The load 
produces a stress at these points, causing local compression, and 
this compression extends the area of contact about the five 
initial points of contact, and thus brings additional points into 
contact in other places along the thread, until finally a combina- 
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tion of plastic and elastic yielding results in the bedding of one 
thread on the other throughout the length of the plug thread. 

The yielding corresponding to this bedding process in the two- 

thread plug is greater than the elastic extension of the shank, ^ 

and the yielding increases rapidly as the load increases to c. The 

threads of the plug fail at this load, and are drawn out against the 

resistance of the deformed thread of the nut. The point c shows 

that the two -thread plug failed under a load of 3| tons, yielding 

0*037 inches, or about half a pitch. 

The three-thread plug gives a diagram of a different kind. The 
yield stress in the shank is reached and passed before the three 
threads give way. They have yielded considerably under a load 
of four tons, as the length de shows, and they hold up very nearly 
to the maximum load the shank can carry, but not quite. The i 

three threads definitely fail at/, and the plug draws out, with the 
shank still unbroken, but strained almost to its breaking-point. 

The point /shows that the three-thread plug failed under a load 

bf tons, yielding 0*114 inch or about 1*6 pitches. The rest of 

the curve merely records the resistance against which the deformed 

threads of the plug are drawn out across the deformed threads of ^ 

the nut. 

The two-thread and the three- thread diagrams are typical of two ^ 

classes of diagram obtained for mild steel : one in which the threads 
fail before the stress in the shank reaches the yield stress ; the 
other, in which the threads hold up until the yield stress in the 
shank is passed, but fail before the ultimate stress in the shank 
is reached. Some diagrams will be seen below in which the 
threads give way just in the region of the jdeld load of the shank. 

From the diagrams it wifi, be seen that the four-thread pair 
failed by the breaking of the shank. The threads just held to 
the maximum shank load of 5f tons, but they were considerably 
deformed. 

The five-thread pair failed by the breaking of the shank ^ 

with only slight deformation of the five threads. 

The curve giving the history of the shank failure with negligible \ 

deformation of the experimental thread is used as a control curve i 

in these diagrams. The control curve is generally obtained from a 
ten-thread pair, so that the thread deformation shall be negligible. I 

Hard-steel Series. — The hard steel used had the com- i 

position : — Per cent. Per cent. | 

Carbon 0*8 Phosphorus . . . 0*01 i 

Silioon 0*2 Manganese . . . 1*48 ; 

Sulphur .... 0*013 j 

M 
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The results of a test on a three-inch gauge length are tabu- 
lated below : — 


Ultimate strength . 
Yield stress. 

Stress at fracture . 
Elongation .... 
Reduction of area at frac 
ture 


39-9 tons per square inch. 
24*4 ,, ,, 5, 

65*6 5, y) 

17-33 per cent. 

50-25 


Pairs were cut with Whitworth threads, 14 per inch, and the 



0 •^8’ 

Extension in inches 

Fig. 160. — ^Load-extension Diagram, of 0*8 Carbon Stool, 4 pairs (Whitworth 

Thread). 


plugs were trimmed on end to form a 1, 2, 3, complete threads on. 
three of the plugs respectively ; a fourth plug was cut with 10 
threads from which to get the control diagram. The load- 
extension diagrams of the four pairs are shown together in 
Pig. 160, each plotted from a separate extension zero to facilitate 
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compaxison. The diagrams in the figure are reproduced if times 
the sictual size of the diagrams developed on the negatives taken 
witlx the instrument.^ 

Tile single-thread pair broke when the load reached Sf tons. 
The thread of the plug sheared off clean along its base and was 
left in the nut complete. 

Xlie two-thread plug broke across the section at the beginning 
of tlie thread when the load reached 5-5 tons, corresponding to 
26-2 tons per square inch of the section actually broken. The 
fracture was slightly conical, sloping up to an apex coincident 
with, the point of the hole drilled for the lathe centre. 

Xhe three-thread plug broke across a section at the beginning 
of the thread when the load reached 7*8 tons, corresponding to a 
stress of 37*3 tons per square inch on the area actually broken. 
The fracture was slightly conical and sloped up as in the two- 
thread specimen, but it ended well below the lathe centre hole. 

Xlie ten- thread plug giving the control curve broke at the root 
*of the shank. The maximum load carried by the shank was 
10-45 tons, corresponding to a maximum stress of 53-4 tons per 
square inch. The yield load was 6-1 tons, corresponding to 31-2 
tons per square inch on the area of the shank. The load at 
fractiore was 10-4 tons, corresponding to 62-5 tons per square 
inch. In this plug the centre of the shank diminished in diameter 
to 0-461 inch, but did not break there. The diameter of the 
fractxired area measured 0-488 inch. 

Brass Series. — The brass used had the composition : — 

Per cent. 

Cu 59-7 

Zn 40-3 

The results of a test on a 5-mch gauge length are tabulated 
below : — 

Ultimate strength . . . 29-2 tons per square inch. 

Stress at fracture ... 43 „ » ^ » 

Elongation .... 20 per cent. 

Rediiction of area ... 19 „ 

Bairs were cut with Whitworth threads, 14 per inch, and the 
plugs were trimmed on end to give 2 and 3 complete threads 
respectively, and a third plug was cut with 10 threads from which 
to get the control curve. The load-extension diagrams of the 
three pairs are shown together in Fig. 161, each plotted from a 
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separate extension zero to facilitate comparison. The diagrams 
in the figure are reproduced approximately 1|- times the actual 
size of the diagrams developed on the negatives taken with the 
instrument. 

The two-thread plug failed at 3-4 tons. The threads deformed 
as cantilevers and allowed the plug to be pulled clean away 
against the friction of the deformed threads. The total extension 
of threads and shank at the maximum load measured 0*036 inch, 
equivalent to about 0-5 of the pitch. 

The three-thread plug held up to a maximum load of 4*6 tons, 



IN Pitches Pitch oFTHREAD-»/i-i.-07i4 
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Extension in inches—— 

Fig. 161. — ^Load-extension Diagram of Brass Pairs (Wliitworth Thread). 

and then the threads failed as cantilevers and the plug pulled 
out. Total extension corresponding with the maximum load 
0*07 inch, equivalent to about 0*96 of the pitch. 

The control curves indicate that four threads would have been 
amply sufficient to carry a load equal to the maximum load 
which the shank could carry. The control plug broke through 
the shank, giving : — 

Ultimate strength . . . 29-5 tons per square inch. 

Stress at fracture ... 52 „ „ „ „ 



Load in Ton^ 
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80. Comparison of the Control Curves. — These curves, 
Fig, 162, are the load-extension curves of the shanks. The 
shank is essentially a short specimen originating from an abrupt 
change of section from IJ inch to | inch with a slight radius in the 
corner, 0-06 inch, and ending with a screw thread, 0*625 external 
diameter, 14 threads per inch, Whitworth. The plain part of 



. iS Carbon Ste^i 


Q ASS 


Extension 

Fig. 162. — Comparison of Control Curves. 

the shank is | inch diameter and J inch long. The interest in these 
diagrams lies in the fact that the material is free to deform and 
flow at the screw end, whilst at the root of the shank, flow under 
stress is conditioned by an abrupt change of section from 1|- inch 
to J inch. 

The effect of this constraint on the flow is to increase the ulti- 
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mate strength of the hard material, and to increase the flow stress 
at fracture of the soft materials. The flow stress of the harder 
material and the ultimate stress of the softer materials are only 
slightly affected. The following comparative table brings out 
these points. The heading “ Tested normally ” means the results 
of a tost on a long specimen where end effects are eliminated. 


From 

Tested Shanks, 
normally. Fig. 168. 

Haed Steel. 


Ultimate strength 

39-9 . 

63-4 

tons per square inch. 

Yield stress . 

24-4 . 

31-2 


99 

99 99 

At fracture . 

66-6 . 

62-6 

3f 

99 

99 99 

Mild Steel. 

Ultimate strength 

30-0 . 

32-8 

9) 

99 

9 9 9 9 

Yield stress . 

23-0 . 

22-8 

99 

99 

9 9 99 f' 

At fracture . 

66-0 . 

70-0 

99 

99 

9 9 9 9 

Bbass. 

Ultimate strength 

29-2 . 

29-5 

99 

99 

99 99 

At fracture . 

43-0 . 

62-0 

99 

99 

9 9 9 9 

81. Influence of the Form of Thread on Strength. — To 


obtain information on this point, two-thread pairs with threads of 
the forms shown in Fig. 163 were constructed together with an 
equal number of three-thread pairs. The thread-forms used in 
the comparison are shown in the following table : — 


Form of Thread. 

External 

Diameter, 

Coro 

Diameter. 

Whitworth standard. Angle 55° . 

0-625 

0*5335 

Whitworth truncated. Angle 55° . 

0-614 

0*5335 

Whitworth deepened. Angle 55° . 

0-625 

0*5235 

Whitworth 60°, i.e. J off top and bottom 

0*625 

0*5434 

Metric. Angle 60° 

0*625 

0*5260 

Sellers. Anglo 60° 

0*625 

0*5322 


In all pairs the thread in the nut is cut of exactly the same 
form as the thread on the plug. In order to secure uniformity 
of quality of the material, the material for the pairs was cut from 
the same bar of steel, the analysis of which is given in § 7 9, 
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The ctirves, Eig. 164, show the Wt of frora 

thread pairs. The -PP^^J^es fTmto two groups, namely a 
teix-thread specimen. The cm . that the 60 
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60® plugs show, with remarkable similarity, that the threads 
. were just failing when the stress in the shank reached the 37ield 
stress. The effect of the superposition. of the extension of the 
threads on the extension of the shank is to change the abrupt peak 
and quick recovery of the shank seen in the control diagram, into 
a more gradual drop and a more gradual recovery to the slightly 
increased load at which the thread fails. 

Fig. 165 shows the load-extension curves for the three-thread 
series. The upper curve is a control curve obtained from a 
ten- thread plug. It will be seen that the 60® threads hold whilst 
the stress in the shank reaches and passes the yield-point, but 



Extension 

Fig. 164. — ^Load-extension Diagrams of two-thread Pairs (Mild Steel). Nominal 
Diam. *625 inches over Threads, but Truncated "Whit. *614 inches over 
Threads. 

that they give way before the stress in the shank can reach its 
ultimate value. The 55® group, although holding until the stress 
in the shank has passed the yield-point, give way at lower loads 
than the 60® threads. 

The deepened Whitworth is the weakest, but on the diagram 
it appears to be weaker than it reaUy is, because instead of getting 
three full threads under load it was found after the test that the 
plug had not been screwed into the nut quite far enough, so that 
the test really was a test on 2-8 threads instead of three threads. 
The truncated Whitworth is weaker than the standard Whit- 
worth, but there is very httle to choose between the different 


i 




I 




■T 


Load in 
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forms of the 60° group. It may be repeated here to avoid con- 
fusion that the 60° Whitworth is a thread cut with a tool ground 
to 60° and having of the angular depth rounded off top and 
bottom. It is thus shallower than the standard Whitworth 
thread. 

Comparing these curves together, both from the two-thread 
group and the three- thread group, it will be seen that the advantage 
of the 60° over the 55° thread is so slight that the argument for 
changing the form for the sake of strength has no weight. It is 
only necessary slightly to increase the length of the thread of any 
one of the plugs in the 55° groups to bring their strengths equal 



Fig. 166. — Load -extension Diagrams of three-thread Pairs (Mild Steel). Nominal 
Diam. *626 inches over Threads, but Truncated Whit. -614:. 

to the strengths of the 60° group. The 60° thread is blunter and 
therefore puts a greater bursting stress on the nut, a disadvantage 
if the screw has to stand great longitudinal force as in the screwed 
pair of a gun breech. Frequently the thread angle is sharpened 
until a square thread or a buttress thread is formed in order to 
avoid this bursting action. 

82. Manner of Thread Failure. — ^The way in which a 
thread fails depends upon the material of which it is made. In 
hard steel the plug thread shears off near the root of the thread. 
In soft steels and plastic material generally the threads fail as 
cantUe^^ers, the plug threads turning up and the nut threads 


170 STRENGTH AND STRUCTURE OF METALS 


turning down until the deformed plug threads can be pulled out 
by, sliding over the deformed nut threads. Many examples of 
the kind of resistance against which this sliding takes place are 
seen in the load-extension diagrams of thread failures above. 

The one- thread sample of the hard steel series, seen in Fig. 160, 
failed by a clean shear of the thread. The thread was left coiled 
in the nut. The diameter of the sheared surface measured 0*636 
inch, whilst the diameter of the turned core was 0-6336. Allowing 
for the roughness of the sheared surface and the influence of this 
roughness on the accuracy of the measurement, the diameter of 
the sheared surface may be taken equal to the core diameter. 

The sheared area reckoned from this diameter and the pitch is 
3*1416 X 0-6335 x ■ 3 ^^= 0-12 square inch. The load at which the 
thread failed, measuring from the diagram Fig. 160, is 3-75 tons, 
so that the shearing stress at the instant of failure is 31-3 tons per 
square inch, a value which is quite reasonable for the material. 

Turning now to the soft steel threads, Fig. 166 shows the 
section of the plug and nut after the threads have been deformed^ 
so that the plug can be pulled out over the deformed threads of 
the nut. This diagram was obtained by tracing a composite 
photograph of the threads. The photographs were taken about 
26 times full size in a microphotographic apparatus, from a plug 
and nut milled down to a diametral plane. Fig. 166, as printed, 
has been reduced from the original diagram in order to fit into 
the printed page. 

The figure shows clearly that the threads have failed as canti- 
levers. Thread A is undeformed. The remaining three threads 
of both nut and plug have deformed similarly. The relative 
displacement of plug and nut seen in the figure is about 0-09 inch, 
so that the figure shows the internal shape of the thread pairs 
when the plug has been pulled down by this amount. The 
tangents at the roots of the threads have been drawn in and 
their distance apart is 0-0464 inch, equal to the depth of the 
Sellers thread. 

This profile form is typical of the thread forms in all of the 
soft steel specimens and in the brass specimens, except that in 
some of them the threads have been partially sheared, and in one 
three-thread specimen the thread was sheared completely off the 
plug and left in the nut. But, unlike the thread of the hard stool 
plug mentioned above, the thread sheared in a cylindrical surface 
considerably greater than the cylindrical surface corresponding 
to the core diameter. In the truncated Whitworth thread, where 
there was some shearing, the radius of the cylindrical surface in 
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which shear took place was about one-quarter the depth of the 
thread greater than the core radius. 



Fig. 167 shows the strengths of the two- and three-thread 
specimens of the mild steel series, all of which failed by threads 
giving way, plotted against the number of threads. Also two 
lines are drawn starting from the origin, the upper showing the 
strength of the threads reckoned on a shearing area cut off by 
a cylinder one- quarter the depth of the thread greater in radius 
than the radius of the core of a 60° Sellers thread, and taking the 
shearing strength of the material 23 tons per square inch, the lower 
line being drawn similarly for a 55° thread. The diagram indicates 
that the strength of a thread in mild steel may be reckoned 
from the shearing strength of the material taken as acting uni- 
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DETAILS OF CALCULATIONS 


GIVING AREA OF METAL CUT BY CYLINDRICAL SURFACE WHOSE RADIUS IS 
i THE DEPTH OF THE THREAD LARGER THAN THE CORE RADIUS. 


Whitworth. 

Sellers and Metric. 

Depth of Thread (in.) ‘6403 p. = '0457 

‘6495 p. == *0464 

Diam. of Core (in.) ‘5335 


Circum. of Core (in.) 1-6750 


Area of i Thread at Root (sq. in.)... *il96 


Width of Thread at ^ depth (in.) ... *0474 

•0493 

jOiam. of jy yy yy yy ... 5565 

'5664 

Circum. of I Thread „ „ „ ... 1-7490 

1-7450 

Area of i Thread „ ,y (sq. in.) *0828 

' -0860 


Fio. 167. 


formly over the area of the threads cut off by a cylindrical surface 
one-quarter the depth of the thread greater than the radius 
•of the core of the plug. 




PLATE XXXVIII. Tofme p. 173. 

INNER STRUCTURE OF THE DEFORMED THREAD 



Fio. I(i8.— Tliread A and B. Fig. ICfi. x 20. 



Fig. 109. — Normal Structure as in Region D. Fig. ICO. .x 120. 
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83. Inner Structure of the deformed Thread. — ^Pig. 168 
Dws a microphotograph 20 times full size of the threads A and B 
ig. 166). Fig. 169 shows the normal state of the material 
ignified 120 times. It was actually taken from the body of 
e nut corresponding to the region D, Pig. 166. 

The structure is seen to be ferrite bands separated by black 
nds. These black bands are pearhte. These black bands of 
arlite serve to show the distribution of stress in the deformed 
read. The average distance apart of these bands is increased 
^ the tensile stress and is reduced by the compressive stress. 
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